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ABSTRACT 
 
The controlled immobilization on a surface of biomolecules used as recognition elements is of 
fundamental importance in order to realize highly specific and sensible biosensors. 
Microcantilevers (MC) are nanomechanical sensors, which can be used as label free micro-
sized mechanical transducers. MC resonant frequency is sensitively modified upon molecules 
adsorption, demonstrating an impressive mass resolution. A widely used approach for the 
immobilization of biorecognition elements on silicon substrates consists in the deposition of 
3-aminopropyl-triethoxysilane (APTES) followed by the incubation with glutaraldehyde (GA) 
as a crosslinking agent. However, these derivatization processes produce a variable chemical 
functionalization because of the spontaneous polymerization of GA in aqueous solutions. With 
the aim of producing a more reliable chemical functionalization for protein immobilization, 
the deposition of a thin film of APTES by self-assembly followed by the modification of its 
amino groups into carboxyl groups by incubating in succinic anhydride (SA) is proposed. 
Moreover, the activation of these terminal carboxyl groups were performed by using the 
EDC/s-NHS protocol in order to enhance their reactivity toward primary amine groups present 
on biomolecules surface. This method was characterized from a physico-chemical point of 
view by means of compositional and morphological surface analysis. Moreover, data acquired 
after the application of this functionalization to a MC-based system showed a highly 
reproducible deposition of APTES/SA when compared to APTES/GA deposition process. 
APTES/SA derivatized MC arrays were then incubated with biomolecules for the study of its 
protein binding capability: the quantification of the grafted biomolecules was performed from 
the gravimetric data and compared with a theoretical surface density calculated through a 
molecular modeling tool, providing information about the orientation of the proteins tethered 
to the surface. In order to avoid or reduce non-specific protein interactions, Bovine Serum 
Albumin and ethanolamine were considered for their blocking capability. Finally, the detection 
of the envelope glycoprotein domain III of the Dengue virus type 1 based on immune-specific 
recognition through the DV32.6 antibody was performed, providing a stoichiometry ratio for 
the DIII-DV1/DV32.6 interaction. Currently, no cure or vaccine are available; thus, a better 
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understanding of the interactions between the viruses and specific antibodies is expected to 
provide fundamental information for the development of a vaccine. 
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Chapter 1: Introduction 
 
The main subject of this thesis is the application of microcantilever-based techniques in the 
field of biosensing. After the strong impact AFM microscope had in the scientific world, 
microcantilevers has shown their great capability in transducing the weak surface-tip 
interaction in a measurable signal [1]. The increasing interest of the scientific community on 
cantilevers, one of the simpler MEMS structure, provided the stimulus to develop innovative 
ways of sensing for a wide range of physical phenomena. During the last years, cantilevers 
have been investigated for a wide range of applications because of their amazing capability of 
sensing environmental characteristics and for their sensitivity regarding surface interactions, 
transducing in this way physical, chemical and biological phenomena [2-4].  
In this work, resonant frequency variation of microcantilevers has been employed as a 
platform for the detection of biomolecules interactions. The microcantilever capability of 
detecting in a sensitive manner the adsorbed mass on its surface makes it a promising 
platform for the study of the weak forces established in biological interactions and paves the 
way for the realization of more specific and stable biosensors, thanks to a deeper control and 
understanding of protein-surface interactions.  
In the first paragraph, a general overview of the biosensing field will be given, illustrating 
different approaches for the detection of biological molecules. In the following paragraph, 
microcantilever-based sensing is described, focusing on the operating principles of single-
clamped beams. A brief description of the main achievement in microcantilever-based 
biosensing will be presented.  
In the third paragraph, the surface chemical modification of silicon-based biosensors is 
provided, focusing on the most widely used chemical strategies for immobilization of 
biomolecules. Finally, background information about the biological aspects of dengue virus 
related disease are described. Moreover, the currently available methods and techniques 
used for diagnostic purposes will be illustrated.  
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1.1. Biosensor overview 
The IUPAC definition of a biosensor affirms that a biosensor is an integrated device that is able 
to provide specific quantitative or semi-quantitative analytical information using a biological 
recognition element that is put in direct spatial contact with a transducer element [5]. A plain 
schematic representation of the working principle of a biosensor is reported in Fig. 1.1.  
 
 
Fig. 1.1. Schematic representation of a biosensor (Adapted from Griffin and Stratis-Cullum, 2014). 
 
A common definition is that biosensors are analytical devices that use biological 
macromolecules to establish specific interactions with an analyte and, subsequently, these 
interactions are detected with a transducer. Usually, biosensors are subdivided into 
categories, such as affinity biosensors and catalytic biosensors, based on the activity of the 
biorecognition element [6]. Thus, affinity biosensors have as their fundamental property the 
recognition of the analyte by the biorecognition element (i.e. antibody-antigen). While, 
catalytic biosensors have as their biorecognition element proteins or microorganisms that not 
only interact with the analyte of interest but also catalyze a reaction resulting in the formation 
of a product [7, 8].  
In Table 1.1 the ideal characteristics of a biosensor are summarized. In many cases, they are 
single-use devices, even if the requirements for reusable ones is desirable for many 
applications. An ideal biosensor is frequently described as being robust, selective, capable of 
reproducible responses and sensitive with a large dynamic range [9]. However, all these 
characteristics are rarely achieved.  
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Table 1.1. Ideal biosensor characteristics (Griffin and Stratis-Cullum, 2014). 
Characteristic Description 
Analysis time 
A fast analysis time is desired, with “real-time” responses to target 
analytes 
Sensitivity 
A sensitive analysis allows for detection of low concentrations of 
target analytes 
Specificity 
A specific analysis allows the discrimination between target analytes 
and other closely related species and minimizes false-positive analyses 
Reproducibility 
The analysis should be highly reproducible, to provide for a reliable 
analysis  
Accuracy 
The biosensor device should be highly accurate, meaning false-
positives and false-negatives are minimized 
Robustness 
The biosensor should be insensitive to environmental conditions 
(temperature, pH, etc.) 
Unit and 
operational costs 
A lower unit cost and operational costs for reagents, and so on, will 
allow for a more wide spread implementation of the biosensor 
systems 
Size and weight 
The ability to miniaturize a biosensor is desired, particularly for 
integration into process monitoring applications as well as for portable 
applications 
Regeneration 
The ability to regenerate the binding surface, allowing multiple 
measurements by the same sensor element is preferable, although 
single-use platforms are sometimes sufficient 
Multi-analyte 
detection 
A biosensor that can detect multiple analytes simultaneously is highly 
desired for the efficient cost, time, size and weight utilization 
User interface 
Ideally, fully automated systems are desired or, at the minimum, 
require little-to-know operator skills for routine analysis 
 
Bioanalytical systems, such as immunoassays like Enzyme Linked Immuno-Sorbent Assay 
(ELISA), which may use the same elements, should be distinguished from biosensors. Usually, 
they require additional processing steps and skilled workers, such as reagent addition, 
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washings and often reading the completed assay on specific instrumentation. Thus, the whole 
bioanalytical systems described in literature (i.e. immunoassays, nucleic acid-based assays, 
etc.) does not necessarily describe biosensors, although those techniques and methods 
usually represent a good starting point for the development of actual biosensors [10].  
 
1.1.1. Assay Formats 
From a general point of view, a variety of biorecognition elements can be used to establish 
specific interactions with a target of interest (see section 1.1.2) and different transduction 
elements can be employed for the detection of such interactions (see section 1.1.3). The 
association of different biorecognition-transducer elements allows to design several assay 
formats for biosensing purposes. Here is reported a brief overview of them.  
 
 
Fig. 1.2. Schematic representation of different assay formats (Adapted by Griffin and Stratis-Cullum, 
2014). 
 
The assay formats can be classified as direct or indirect. In the direct method, the binding 
event of the analyte to the biorecognition element is directly detected and related to the 
change of a measurable signal in the transducer such as a mass or a refractive index change, 
etc. Instead, the indirect techniques are all those assays that require an additional binding 
event (other than the biorecognition event) to occur in order to detect the bioreceptor-
analyte interaction. This indirect method can be designed with a competitive or a non-
competitive approach. In a competitive indirect strategy, the target of interest and a labeled 
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competitor molecule compete for a limited number of available bioreceptor binding sites [12]. 
In the non-competitive indirect strategy, a second bioreceptor with a label is put in contact 
with the analyte sample. Thus, the target of interest binds to the immobilized biorecognition 
element in the first instance and then the second bioreceptor is able to bind to the same 
target, establishing a specific double biorecognition on the same analyte molecule [12]. In the 
case of direct assays and non-competitive indirect assays, the signal is directly proportional to 
the analyte concentration, while in the case of competitive indirect assays, the signal is 
inversely proportional to analyte concentration [13]. Moreover, with the aim of increasing the 
sensitivity of the assay, biosensors usually involve the signal amplification: either the target 
molecules themselves may be amplified, such as in polymerase-chain reaction (PCR), or the 
biorecognition event may be amplified, such as in ELISA immunoassays.  
 
Biosensors can be classified depending on the biorecognition element or on the type of 
transducer employed. From here on (section 1.1.2), the most used biorecognition elements 
are described. In the following (section 1.1.3), the most widely employed transduction 
mechanisms are described.  
 
1.1.2. Biorecognition elements  
The biorecognition element of biosensors has traditionally been some biological entity, with 
antibodies (Ab) being the most representative example [14]. However, others biomolecules 
may be employed for this purpose: bioreceptors such as enzymes, nucleic acids, and 
transmembrane receptors or larger biological units such as whole cells [10]. Indeed, the 
biorecognition element plays a crucial role in the overall biosensor performance and detection 
capability, being responsible for the selectivity against a particular analyte. Moreover, some 
artificial recognition elements as molecularly imprinted polymers (MIPs) or peptide nucleic 
acids (PNAs) may be included in this category, even if these are not natural biomolecules [15, 
16]. In fact, in literature biosensors using such biorecognition elements, as aptamers, PNAs, 
liposomes and molecularly imprinted polymers (MIPs) are often reported. A brief description 
of the various types of biorecognition elements will now be given.  
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Antibodies 
Antibodies are proteins produced by the immune system, which present antigen (Ag) 
recognition sites that specifically binds antigens by non-covalent interactions and with 
relatively high affinity. The antigen-binding domains of the molecule are the VH (heavy chain - 
variable region) and the VL (light chain - variable region) regions, which provide the specific 
antigen interactions with a sort of “lock-and-key” model [17]. Antibodies can be polyclonal 
and/or monoclonal, where a polyclonal antibody represents a collection of antibodies from 
different B cells that recognize multiple epitopes on the same antigen [17]. Each of these 
individual antibodies recognizes a unique epitope that is located on that antigen. A 
monoclonal antibody, by contrast, represents antibody produced by a single B cell and 
therefore only binds with one unique epitope [18]. Each individual antibody in a polyclonal 
mixture is in practice a monoclonal antibody; however, this term usually refers to a 
technique/method by which a specific antibody producing B cell is isolated and fused to an 
immortal hybridoma cell line so that large quantities of identical antibody can be generated 
[19]. Antibodies are probably the most commonly used of all biorecognition elements for 
sensor applications [14]. The so-called antibody sandwich strategy is frequently used in the 
design of biosensors, where capture antibodies immobilize the analyte, while other labeled 
antibodies bind to the analyte and thus provide a sensing signal [20]. It is also common to use 
some sort of amplification technique (e.g. enzymes-ELISA assays) to provide a more robust 
signal of the recognition process [21]. Combinations of nucleic acids and immunological 
techniques (e.g. immune-PCR and immune-rolling circle amplification) can also be used for 
amplification [22, 23].  
 
Antibody fragments/engineered antibody fragments 
For biosensing applications, the molecular recognition sites of the antibody are of 
fundamental importance, while the function of the Fc region may not be required for sensing 
applications, as its function is related to the physiological immune responses [24]. Moreover, 
antibodies are often immobilized on solid substrates and their orientation is as critical as the 
antigen epitope should be spatially accessible for antigen-antibody interactions. Thus, smaller 
antibody fragments may have certain advantages, such as more defined points of 
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immobilization through thiol groups liberated after cleavage of the whole immunoglobulin 
molecule [25]. In addition, these fragments could be more densely packed upon a sensor 
surface, increasing the epitope density over that achieved with immunoglobulins (Ig) and so 
enhancing sensitivity. Enzymatic cleavage of immunoglobulin molecules for the production of 
fragments such as Fab (antigen-binding fragment) is one way to obtain these smaller 
recognition elements. Using the techniques of phage display or ribosome display for antibody 
gene cloning and expression, antigen-binding fragments of antibody molecules called single-
chain variable fragments (scFv) can be obtained [26, 27]. These fragments feature the VH and 
VL domains joined by a flexible polypeptide linker, which can be engineered to have desirable 
properties for immobilization (e.g. a thiol group of cysteine).  
 
Enzymes 
Enzymes are catalytic proteins, which have an active site that present a particular specificity 
for certain molecular structures, analogously to the antigen-binding sites of antibodies. This 
specificity, combined with the ability of the binding site to perform a precise chemical 
reaction, make these proteins extremely important in many different field of application. 
Furthermore, even in this case, genetically engineered enzymes with altered properties can 
be obtained. For example, an enhancement of the catalytic capability of the enzyme can be 
achieved [28]. In general, enzymes are not used as biorecognition elements per se, but are 
usually a component of a multiple molecular biorecognition mechanism, underlying the 
biosensor design. In this context, enzymes represent the element able to provide signal 
amplification, such as in ELISA immunoassays or coupling to an electrochemical detection 
transduction system [29, 30]. An example where an enzyme functions as a direct 
biorecognition element would be the use of cholinesterase enzymes to detect certain organic 
phosphate pesticides that are cholinesterase inhibitors [31].  
 
Phage display/ribosome display 
Bacteriophage are viruses able to infect and replicate into bacteria. They are made of an outer 
protein coating (capsid) that encloses the genetic material, which is injected into the 
bacterium. The phage genome is then used to direct the synthesis of phage nucleic acids and 
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proteins using the host’s transcriptional and translational machinery [32]. For example, a 
biorecognition peptide can be expressed as the N-terminal add on to the phage coat protein. 
In this way, thousands of copies of the recognition element are exhibited on the capsid 
surface, increasing the density of the epitopes displayed. Therefore, the phage themselves 
serve as both biorecognition and amplification elements [33]. By using techniques developed 
in recent years, it is possible to produce and evolve peptides with strong binding affinity for 
specific proteins. These techniques include phage display and ribosome display. Briefly, in 
each techniques iterative rounds of affinity purification allow the evolution of peptides with 
desired binding properties for a specific ligand [34, 35]. The unique feature of phage display is 
that the production of 107-108 short peptides on the surface of filamentous bacteriophage can 
be achieved through the fusion of an epitope library of DNA sequences with the gene(s) coding 
for one of several coat proteins [36, 37]. In some cases, the bacteriophage may be labeled 
with fluorescent dyes in order to detect the binding events [38]. 
 
Nucleic acids 
There are two types of nucleic acids: deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). 
DNA is more frequently used in comparison to RNA due to its inherent greater stability under 
a variety of conditions [39]. In this case, the biorecognition process relies on the hydridization 
mechanism, in which two single strands establish non-covalent interactions between 
nitrogenous bases of complementary nucleic acids by Watson-Crick base pairing rules. 
Specificity is obtained due to the cumulative specific interaction of many bases to the 
complementary ones present on the other polynucleotide chain. Nucleic acid sensors are 
often coupled to amplification techniques of nucleic acid sequences with the potential for 
extreme sensitivity, since a large number of copies of an initially low copy number sequence 
can be obtained [40, 41].  
 
Aptamers 
Aptamers can also be included as nucleic acids biorecognition elements, since they are made 
up of single strands of nucleic acid (DNA or RNA), but here the biorecognition is not via base 
pairing but by folding to form a unique structure. In fact, aptamers are single-stranded DNA 
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or RNA (ssDNA or ssRNA) molecules than can bind to pre-selected targets including proteins 
and peptides with high affinity and specificity [42]. These molecules can assume a variety of 
shapes due to their propensity to form helices and single-stranded loops, explaining their 
versatility in binding to diverse targets. They are used as sensors and therapeutic tools (e.g. to 
guide drugs to their specific cellular targets), and to regulate cellular processes [43]. Contrary 
to the genetic material, their specificity and characteristics are not directly determined by 
their primary sequence. Instead, their features depends on their tertiary structure [44]. An 
advantage of aptamers over other kind of biorecognition elements, such as antibodies, is that 
the aptamer structure is inherently more robust than the antibody quaternary structure [45]. 
Thus, aptamers can be subjected to numerous rounds of denaturation and renaturation, 
providing an overall more robust biosensor as well as an option of easy regeneration of the 
sensor [46]. Moreover, aptamers are produced by chemical synthesis after selection rather 
than via immune system cells, and so can be readily modified to enhance stability and affinity 
[47]. Because of all these advantages, aptamers are being used increasingly as biosensor 
elements.  
 
Peptide nucleic acids 
PNAs are hybrid DNA-peptide molecules consisting of a series of N-(2-aminoethyl)-glycine 
units making up the backbone structure, instead of the sugar-phosphate backbone of natural 
nucleic acids, with the nitrogenous bases bound to this peptide backbone [48]. All 
intramolecular distances and configurations of the bases are similar to those of canonical DNA 
molecules, thus hybridization of PNAs to DNA or RNA molecules can be readily achieved. Since 
PNAs backbone is uncharged, double helixes formed by PNA and DNA molecules are more 
thermally stable than DNA-DNA duplexes [49]. This feature results in a more destabilizing 
effect of PNA-DNA hybrids in presence of single-base mismatches [50]. The application of 
PNAs in bionsensing field has been implemented because of the advantages that these 
molecules can provide. In fact, their structure remains stable over a wide range of 
temperature and pH range and resistant to nuclease and protease activity. Moreover, the use 
of PNAs for the direct detection of double-stranded DNA was possible due to the PNAs 
capability to form higher order complexes with DNA, such as three- and four-stranded 
complexes, eliminating the requirement for thermal denaturation [51]. Finally, contrary to 
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DNA molecules, PNAs can be incubated and immobilized on surfaces using saline buffers at 
low salt concentration in order to stabilize their structures in solution [52]. 
 
Molecular beacons 
These molecules can be considered as a subset of nucleic acids used as biorecognition 
element: they are synthetic oligonucleotides designed to have a hairpin (stem-loop) structure 
[53]. The loop region presents a nucleotide sequence complementary to the analyte sequence 
to be detected. The stem region, instead, only contains a small number of complementary 
bases, forming a short double-stranded portion [54]. The detection of the analyte of interest 
relies upon a fluorophore and quencher mechanism: when the molecular beacon is in the 
closed position, the two molecules are held in close proximity on the two ends of the double-
stranded structure of the stem region. Upon binding of the analyte sequence to the 
complementary sequence presents on the loop region, the stem structure opens and the 
quenching effect on the fluorophore is removed. Thus, the fluorescence signal reveals the 
presence of the analyte sequence [55]. Aptamers can be used also to design molecular beacon 
biosensors: these molecules are used to detect non-nucleic acid analytes, such as proteins or 
small organic molecules [56]. Even PNAs can serve as molecular beacon-type structures. In 
this case, PNAs assume a stem-less structure, which provide some advantages when 
compared to the initially designed DNA beacons: they are less sensitive to ionic strength and 
the quenching effect is not affected by DNA-binding proteins [57].  
 
Cell Surface Receptors 
Many of the molecular recognition events involved in cell-cell interaction, pathogen infection 
upon host cells, and so on, take place in the glycocalyx layer of the cell membrane [58]. This 
layer represents the coating on the apical surface of many cells that primarily consists of 
oligosaccharide headgroups of glycoproteins and glycolipids [59]. The hydrophobic portions 
of these biomolecules are embedded in the membrane bilayer, while the hydrophilic 
oligosaccharide chains protrude toward the outer environment. In some cases, pathogens 
and/or toxins target specific cell surface receptor sites [60]. Thus, these same receptors can 
be used as biorecognition elements. However, one of the major difficulties with the 
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application of these receptors for biosensing purposes is represented by the complexity of the 
cell membrane. Therefore, simpler models of cell membranes with a defined chemical 
composition include liposomes and Langmuir-Blodgett monolayers [61, 62].  
 
Whole Cells 
Among the different biorecognition elements, it is possible to employ entire cells in order to 
establish specific interactions with the analyte of interest. Cells are usually genetically 
modified in order to synthesize a certain marker that produces some sort of detectable signal, 
such as luminescence and/or fluorescence, when they are put in contact with specific 
compounds or environmental condition. This type of whole cell sensors have been applied for 
environmental analysis and monitoring purposes [63]. Examples of whole cell sensors use 
genetically engineered bacteria into which a lux gene, coding for a luciferase, is introduced 
under the control of an inducible promoter [64]. For example, Sayler and co-workers 
employed a whole cell sensor for the realization of a naphthalene biosensor: a genetically 
engineered Pseudomonas fluorescens was able to detect the biological availability of this 
molecule and salicylate in contaminated soil through the induction of the lux reporter [65]. 
Therefore, bioluminescence was the result of the expression of the reporter gene.  
 
Liposomes 
Liposomes are synthetic lipid vesicles that can be considered as cell membrane with a low 
grade of complexity [66]. Usually, liposomes are used as scaffold for the exhibition of standard 
biorecognition elements such as antibodies and/or oligonucleotides [67]. Moreover, other 
molecules such as fluorescent dyes, enzymes and electrochemically active species may be 
encapsulated into liposome structure and be released upon biorecognition event, 
representing a direct amplification system [68]. For example, the insertion of the ganglioside 
GM1 into these synthetic membranes has been used for the detection of cholera toxin, given 
the high specific interaction of the GM1/cholera toxin complex [69].  
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Molecularly imprinted polymers 
Molecular imprinting is a technique, which can provide artificial molecular receptors. The 
procedure consists in the use of a target molecule as a molecular template in order to direct 
the assembly of monomeric units, which are subsequently polymerized with a cross-linker 
[70]. The type of interactions established by these molecular imprinted polymers (MIPs) are 
typically non-covalent interactions. In the first case, this imprinting scheme is able to interact 
with the molecule of interest through hydrogen bonding, Van der Waals forces and 
hydrophobic interactions [71]. During the polymerization of the monomeric units, the cross-
linker freezes the binding groups in a specific orientation. After that, the target molecules are 
removed from the resulting polymeric matrix using suitable solvent or through chemical 
cleavage. In this way, the molecularly imprinted polymer presents a cavity, which is 
complementary in size to the analyte of interest [72]. MIPs have been demonstrated binding 
characteristics similar to those of antibodies and other receptors, but maintaining a much 
higher stability compared to natural biomolecules. Till now, the use of MIPs for detection 
purposes have been applied to the analysis of small molecules, while the interaction with 
larger biomolecules, such as proteins, or with entire micro-organisms represents a challenging 
task [73].  
 
1.1.3. Transduction Mechanisms 
The transducer is the biosensor component responsible for the transformation of the 
biorecognition event into a measurable signal. Usually, a change in a certain physical or 
chemical property is exploited. As reported above, biosensors can be classified on their 
transduction mechanism. Four mainly transduction formats can be identified: piezoelectric, 
calorimetric, electrochemical and optical transduction [13] (Fig. 1.3).  
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Fig. 1.3. Schematic representation of biosensors transduction types (Griffin and Stratis-Cullum, 
2014). 
 
Electrochemical 
The electrochemical transduction is one of the most widely used for biosensing [74]. 
Electrochemical biosensors can be divided into three main categories: potentiometric, 
amperometric and impedance [75]. Potentiometric sensors use the variation in the potential 
produced by electroactive species, which is measured by an ion selective electrode. In the case 
of a biosensor application, an enzyme is usually the responsible for the change in electroactive 
species concentration [76]. In amperometric biosensors, the production of a current resulting 
from the oxidation or the reduction of an electroactive biological element when a potential 
between two electrodes is applied and continuously monitored [77]. Many examples can be 
found in literature [78-80]. In impedance sensors, the variation in the charge transfer and/or 
capacitance at the sensor interface layer is measured after the application of controlled AC 
electrical stimuli with specific frequencies [81].In biosensing application, metabolic changes 
related to growth and cell metabolism have been shown to correspond to an impedance 
variation [82].  
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Piezoelectric 
Biosensors able to use the mass variation related to the interaction between the 
biorecognition element and the target molecules predominantly rely on piezoelectric 
transduction [83]. The piezoelectric effect consists in the production of electrical charges by 
applying a mechanical stress and vice versa. This phenomenon may be used to relate the 
change in mass with the biorecognition binding event. The main advantages of mass sensors 
is represented by the possibility to perform label-free measurements of the binding events, 
including binding kinetics analysis [84].  
 
Quartz crystal microbalance 
Quartz crystal microbalance (QCM) device consists of a quartz disk that is plated with 
electrodes and its working mechanism relies on the propagation of an acoustic wave across 
the device upon introduction of an oscillating electric field [85]. The binding-induced mass 
change causes the decrease in the oscillation frequency, which is related to the amount of 
interacting target molecules. The QCM device may be used with several bioreceptors, such as 
antibodies, nucleic acids and MIPs. However, these devices are not suitable for the detection 
of small molecules at low concentrations and require the immobilization of an amount of 
bioreceptors large enough to produce a measurable variation in the recorded signal [86].  
 
Surface acoustic wave 
Similarly to QCM devices, surface acoustic wave (SAW) sensors are piezoelectric crystals that 
detect the mass of interacting target molecules, which causes a change in the resonant 
frequency of the sensor. SAW devices can directly sense the binding-induced mass changes, 
exhibiting an increased sensitivity compared to bulk wave devices [87]. However, the acoustic 
wave dumping effects recorded in biological solutions limit its utility in biosensing 
applications. Thus, devices able of reliable detection would require improvements in 
sensitivity [88].  
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Micro- and nanomechanical cantilevers 
Micro- and nanomechanical cantilevers can be used as mass sensors and can be manufactured 
using silicon micromachining techniques. The modification of the cantilever surface with 
bioreceptors allows the recognition of target analytes [89]. This binding-induced mass change 
produces a change in the resonant frequency, giving the possibility of label-free detection of 
target molecules maintaining low cost and mass production of the devices [1] (Fig. 1.4). As 
previously reported for SAW-based sensors, cantilever-based biosensors sensitivity is limited 
by dampening in liquid solutions when compared to cantilever systems operated in air and 
vacuum conditions. Recent works reported for the incorporation of a hollow channel inside 
the cantilever structure [90]. In this way, high resonant efficiency can be obtained through the 
use of static vacuum packaging and the mass changes can be monitored while the samples are 
flowing inside of the device. Another strategy involves the use of nanoparticles and magnetic 
beads for signal amplification purposes, causing larger frequency shifts [4].  
 
 
Fig. 1.4. Schematic representation of a microantilver-based biosensor (Boisen et al., 2011). 
 
Calorimetric 
Calorimetric sensors consists in the use of thermistor probes for the monitoring of 
temperature changes caused by exothermic chemical reactions [91]. Biological reactions such 
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as enzyme reactions are exothermic, thus this type of device provides a universal transduction 
format for reactions involving these biological catalysts. The main drawback of sensors based 
on such mechanism is related to the environmental temperature fluctuations. Therefore, the 
sensor system must be shielded from these fluctuations in order to maintain a constant 
temperature during the detection event [92].  
 
Optical 
The optical transduction is another widely used biosensor type format [93]. In fact, optical-
based sensors are very rapid and, usually, the diffusion process related to the biomolecular 
recognition event represents the only limiting factor in the speed of the detection procedure. 
The disadvantages of using optical sensors include the detection difficulties reported when 
analyzing turbid samples and the costs associated with the detection system components. 
Optical-based sensors use the change of the light interaction with the biomolecular 
component in order to generate a measurable signal. These changes are related to different 
properties of light such as refractive index, production of chemiluminescent products, 
fluorescence emission, fluorescence quenching, radiative and non-radiative energy transfer 
and scattering techniques [13]. These effects can be monitored using a wide variety of 
instrumentation such as total internal reflectance and evanescence wave technologies, 
interferometry and resonant cavities just to cite a few examples [94]. Some examples of the 
most used optical-based mechanisms implemented in the realization of sensing devices will 
be described in the following sections. 
 
Fluorescence 
Fluorescence is one the most popular optical transduction because of its high sensitivity. 
Typically, a fluorogenic molecule is used to label a biorecognition component in order to 
create a bioreporter. The monitoring of the bioreporter signal gives information about the 
presence and concentration of the analyte of interest. The binding interaction between the 
reporter and the target can produce shift in the wavelength of the fluororeporter or energy 
transfer phenomena, which may be recorded for time dependence analysis of biological 
phenomena or for the study of structural conformational changes of target molecules [95-97]. 
17 
 
Moreover, fluorescence detection can be coupled to other techniques and methods. For 
example, fluorescence has been coupled to cytometry and microfluidic platforms or biochips 
systems that use imaging arrays methods, in which fluorescence signals related to biological 
recognition elements are matched to target species [98]. Fluorescence-based techniques do 
not have the interference issue that Surface Plasmon Resonance (SPR) and other refractive 
index-based methods present (see below). However, the disadvantages are related to the 
intrinsic sample fluorescence, which may not be sufficient for a sensitive analysis.  
 
Chemiluminescence 
Chemiluminescence relies on chemical reactions, which finally produce a characteristic 
photon [99]. These series of chemical reactions usually involves the oxidation of luminol. The 
intensity of the produced light is proportional to the presence of the target of interest because 
the resulting products are conjugated to the biorecognition element, which is used as 
chemiluminescent reporter. The advantages of this method is the very low background signal, 
mainly due to non-specific interactions during the bioassay procedure, which may require 
multiple washing and incubation steps [100].  
 
Surface plasmon resonance 
Surface plasmon resonance (SPR) is a physical phenomenon that can be established at a 
metal/dielectric interface. After passing through a high refractive index prism, the polarized 
light produces an evanescent wave, which has a maximal intensity at the interface and 
exponentially decays in relation with the distance from the interface. The intensity of the 
reflected light is monitored as a function of the angle of incidence. This intensity displays a 
minimum, in which the energy of the evanescent wave is absorbed by the surface plasmons 
in the metal. The bioreceptor/analyte binding events established at the interface cause a 
change in the refractive index at the interface, resulting in a change in the resonance 
excitation of the surface plasmon [101]. A schematic representation is illustrated in Fig. 1.5.  
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Fig. 1.5. Schematic representation of a SPR set-up (Boisen et al., 2011). 
 
In Fig. 1.5 is illustrated a SPR set-up, consisting of a prism with a gold layer upon which the 
biorecogniton elements are immobilized. The polarized light is totally internally reflected by 
the gold coated face of the prism and the reflectivity is monitored during the binding events. 
Surface plasmons can be excited with a specific angle of incidence, corresponding to a 
reduction of reflectivity at that specific angle [102]. Therefore, the change in the refractive 
index at the interface causes a variation of the angle required for an optimal excitation. SPR 
technique are widely used in biosensing applications because it allows to perform a label-free 
real-time analysis with good sensitivity [103]. However, all the phenomena that cause the 
change of the refractive index at the sensing surface may interfere with the analysis of the 
target of interest. Such limitations include analytes dissolved in a non-homogeneous matrix 
and non-specific interactions [104].  
 
Surface enhanced Raman spectroscopy 
Surface Enhanced Raman Spectroscopy is a spectroscopy technique that has recently acquired 
popularity in biosensing applications [105]. SERS is a scattering technique in which a rough 
metal surface is use to enhance the scattered Raman signal. SERS is a phenomenon associated 
with the enhancement of the localized electromagnetic field surrounding molecules optically 
excited near an intense and sharp plasmon resonance. This field enhancement localized at the 
metallic surface can be used to boost the Raman scattering signal of the immobilized 
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molecules [106]. The main advantages of SERS is the possibility of obtaining a spectroscopic 
fingerprint of the immobilized molecules, similarly and complementary to the one obtained 
by Infrared Spectroscopy. Moreover, it can be used for the detection of very low concentration 
of biomolecules, as reported in several works in which an immune-based SERS technique is 
used for the detection of different targets [107]. The disadvantages of the technique are 
represented by the signal reproducibility difficulties, which are related to the nanostructures 
SERS substrate fabrication [108]. Indeed, many researchers fabricate their SERS substrates, 
even if commercially available ones can offer a more consolidated strategy.  
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1.2. Cantilever as mechanical sensor 
Cantilever-based sensing has rapidly increased starting from the half of the 1990 decade. It is 
the most promising sensing platform for the realization of label-free, sensitive, portable, 
cheap and fast sensors. In particular, cantilever structures at the micro scale got a lot of 
interest as point of care (POC) diagnostics and environmental monitoring devices. Moreover, 
they can be used in fundamental research given the fact that microcantilever can be used as 
tool for the study or quantification of physical phenomena which cannot be evaluated by other 
methods. With this goal, microcantilever sensors are versatile devices, which can be used in 
different modes providing unique information. For example, these sensors are able to detect 
the change in surface stress, temperature and mass. Microcantilevers were first introduced in 
1986, with the discovery of atomic force microscope [109]. AFM is a topographical technique, 
which allows to scan a surface using a cantilever probe. This probe consists of a cantilever 
structure and a sharp tip mounted on the free end of the beam. During the topographical 
analysis, the AFM probe deflects due to the forces between the sample and the tip. The first 
report of a cantilever structure as a sensor is from Thundat and colleges [110] that used a 
microcantilever as a very sensitive thermometer. In particular, the change in temperature was 
detected by an AFM probe coated with a metal layer on one side: the coefficient of thermal 
expansion of the different materials resulted in the deflection of the cantilever, which can be 
related to a temperature change. Few years later, the surface stress change resulting from the 
non-specific binding of proteins was reported [111]. Moreover, the live measurement of the 
surface stress was demonstrated for a gold-coated cantilever incubated with alkanethiols: it 
was possible to see the deposition of a self-assembled monolayer (SAM) in real time [112]. An 
array of polymer-coated cantilevers was used for the detection of various alcohols; the 
bending and the resonant frequency of each cantilever were monitored [113]. At the 
beginning of 2000, the detection of a single-nucleotide polymorphism – i.e., two 
oligonucleotides that differ for a single base mismatch – was reported using a microcantilever-
based sensor [114].  
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1.2.1. Sensing Principle 
Cantilever-based sensors can be used in two different operating modes (Fig. 1.6). In the so-
called static mode, the static deflection of the cantilever is monitored and related to the 
differential surface stress of the two faces of the beam. In the dynamic mode, the resonant 
frequency of cantilevers is monitored: the adsorption of mass on the beam structure is related 
to the resonant frequency as the resonant frequency of the cantilever decreases as the mass 
increases. Therefore, it is possible to make a mass estimation using the resonant frequency 
shift of the cantilevers.  
 
 
Fig. 1.6. Schematic representation of microcantilevers operating modes (Tamayo et al., 2012). 
 
Static Mode 
In the static mode, the interactions established between molecules immobilized on one face 
of the cantilever structure are able to generate a surface stress. The Stoney equation allows 
to calculate surface stress of a thin film deposited onto a sheet of metal [115] 
   
 𝑅 =
?̂?ℎ2
6𝜎(1 − 𝜐)
 (1.1) 
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where 𝑅 is the radius of the curvature, ?̂? is the Young’s modulus, ℎ is the thickness of the 
deposited film, 𝜎 is the surface stress and 𝜐 is the Poisson’s ratio. Starting from this equation, 
Jaccodine and Schlegel [116] were able to elaborate an equation to be applicable to cantilever 
structures (i.e. single clamped beams). In this case, it is possible to relate the bending of the 
beam with the surface stress as 
 
   
 𝛥𝑧 =
3(1 − 𝜐)𝐿2
?̂?ℎ2
𝜎 (1.2) 
   
where 𝛥𝑧 is the cantilever deflection and 𝐿 is the length of the cantilever. Surface stress 
phenomena are reported in Fig. 1.7. In the first case, a compressive stress of the film is 
illustrated: the cantilever bends downwards and its structure expands until the stress balances 
the one of the thin film. In the second one, a tensile stress causes the cantilever to bend 
upwards because of the contracting thin film.  
 
 
Fig. 1.7. Schematic representation of compressive and tensile surface stress (Boisen et al., 2011). 
 
Dynamic Mode 
In the so-called dynamic mode, single clamped beams are used as weighting devices for the 
detection of small molecules. The sensitivity or minimum detectable mass depends on the 
ratio between the mass and the resonant frequency of the beam: as the dimensions decrease, 
the resonant frequency increases. Therefore, a strategy to enhance the sensitivity of the 
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sensing platform is to decrease the dimensions of the cantilever structure. In literature are 
reported devices able to detect mass in the atto- (10-18) and zepto- (10-21) gram range [117, 
118]. Thus, cantilever-based systems sensitivity demonstrated to be better than the one 
reported for other methods capable of detecting mass, such as QCM [119].  
 
 
Fig 1.8. Schematic representation of a rectangular cantilever structure. 
 
For a thin beam structure, in which the relationship L >> w >> h is true, it is possible to 
approximate the behavior of the system using the Simple Harmonic Oscillator (SHO) 
differential equation [120] 
   
 𝑚
𝜕2𝑥
𝜕𝑡2
+ 𝐶
𝜕𝑥
𝜕𝑡
+ 𝑘𝑥 = 𝑓 (1.3) 
   
where 𝑘 is the spring constant of the oscillator, 𝑓 is the force and 𝐶 is a coefficient related to 
friction and damping effects. In this case, a unique resonant frequency is given by 
   
 𝑓 =  
1
2𝜋
√
𝑘
𝑚
 (1.4) 
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For an infinitesimal change of the mass, 
   
 
𝑓 =  
1
2𝜋
√
𝑘
𝑚
=
√𝑘
2𝜋
𝑚−
1
2 
𝛿𝑓 =  
√𝑘
2𝜋
(−
1
2
) 𝑚−
3
2 𝛿𝑚 =  −
1
2𝑚
(
1
2𝜋
√
𝑘
𝑚
)  𝛿𝑚 =  −
𝑓
2𝑚
 𝛿𝑚 
(1.5) 
   
Therefore, substituting infinitesimal deviations with experimental finite but small variations, 
it is possible to obtain the following relationship: 
   
 
𝛥𝑓
𝛥𝑚
= −
𝑓
2𝑚
 (1.6) 
   
However, this model presents some obvious limitations due to the fact that a vibrating 
cantilever is not described by a spring with a punctiform mass and dissipation. The equation 
of motion that describes the behavior of a cantilever in vacuum is the Euler-Bernoulli equation 
[121]:  
   
 𝜌𝐴
𝜕2𝑣(𝑥, 𝑡)
𝜕𝑡2
+ 𝐶
𝜕𝑣(𝑥, 𝑡)
𝜕𝑡
+ ?̂?𝐼
𝜕4𝑣(𝑥, 𝑡)
𝜕𝑥4
= 𝐹𝑒𝑥𝑡 (1.7) 
   
where 𝑣(𝑥, 𝑡) is the displacement in the x-direction, 𝜌 is the mass density, 𝐴 = 𝑤ℎ is the cross-
sectional area, ?̂? is the Young’s modulus and 𝐼 is the moment of inertia.  
The equation (1.7) do not have closed-form solutions, thus it is possible to define the solutions 
of the transcendental equation  
   
 𝑐𝑜𝑠(𝜆𝑛) 𝑐𝑜𝑠ℎ(𝜆𝑛) + 1 = 0 (1.8) 
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from which it is possible to obtain the resonant frequency for the different vibrational modes 
   
 𝑓𝑛 =
1
2𝜋
(
𝜆𝑛
𝐿
)
2
√
?̂?𝐼𝐿
𝑚
 (1.9) 
   
Therefore, the infinite modes of vibration of cantilever present themselves in an aperiodic 
manner and with decreasing amplitude. The resonant frequencies of the first vibrational 
modes are illustrated in Fig. 1.9.  
 
Fig. 1.9. Experimental acquisition of the first three vibrational modes of a cantilever resonator. 
 
The decrease in amplitude of the vibrational modes occurs because, as the mode increase, 
nodes are added to the vibrating structure of the beam, that is non-vibrating points which 
limit the oscillating behavior of the cantilever. Thus, the oscillating mass decreases and the 
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beam stiffness increases as the resonant frequency increases. Generally, a cantilever vibrating 
at the n-mode presents n-1 nodes.  
 
Fig. 1.10. Schematic representation of the vibrational profile of the first three vibrational modes of a 
cantilever resonator. 
 
It is possible to use the SHO model, introducing the effective mass parameter 𝒎𝒆𝒇𝒇 which for 
the first mode is equal to 
𝑚𝑒𝑓𝑓 ≈ 0.25𝑚 
In this way, the frequency of the first mode of vibration is 
   
 𝑓1 =
1
2𝜋
√
𝑘
𝑚𝑒𝑓𝑓
 (1.10) 
   
The mass change after the deposition of a molecule with mass m* on the cantilever surface, 
causes the resonant frequency change 
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𝑓2 =
1
2𝜋
√
𝑘
(𝑚 + 𝑚∗)𝑒𝑓𝑓
 
 
𝛥𝑓 = 𝑓2 − 𝑓1 
(1.11) 
   
and the relationship between the mass change and the frequency shift is 
   
 𝛥𝑚 ≈ −2
𝛥𝑓
𝑓
𝑚 (1.12) 
   
This approximation can be used only if the external vibrating force is negligible, avoiding non-
linearity in the oscillating behavior. In fact in a non-linear oscillating regime, cantilever is non 
able to instantaneously dissipate the energy accumulated during the oscillation of the 
structure. Thus, the cantilever stiffness increases and the vibrational modes are orthogonal 
no more. 
A parameter which defines the cantilever capability of instantaneously dissipate the 
accumulated energy is represented by the Quality Factor (Q). It is defined as the ratio between 
the resonant frequency and the frequency interval in which the amplitude of the oscillation is 
at -3 dB of the maximum amplitude, that is reduced of a factor 
𝟏
√𝟐
 .  
   
 𝑄 =
𝑓𝑟
(𝛥𝑓)−3𝑑𝐵
 (1.13) 
   
Although not exactly coincident, the Quality Factor for Lorentzian curves is often calculated as 
the ratio between the resonant frequency and the Full Width at Half Maximum (FWHM), that 
is the frequency interval in which the amplitude of the oscillation is equal to 
𝟏
𝟐
 of the maximum 
amplitude.  
   
 𝑄′ =
𝑓𝑟
𝐹𝑊𝐻𝑀
 (1.14) 
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Fig. 1.11. Schematic representation of the Q factor calculation. 
 
The theoretical mass sensitivity is another important parameter, which is defined as  
   
 𝑆𝑚 =
𝛥𝑓𝑛
𝛥𝑚
= −
𝑓𝑛
2𝑚𝑛
 (1.15) 
   
From an experimental point of view, the Quality Factor should be also taken into account, so 
that the minimum detectable mass can be defined as  
   
 𝛥𝑚𝑚𝑖𝑛 ∝
𝑚𝑛
𝑄
 (1.16) 
   
Thus, it is possible to increase the mass sensitivity decreasing the mass of the resonator, that 
is reducing the dimensions of the cantilever and/or increasing the Quality Factor.  
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1.2.2. Cantilever fabrication 
Cantilevers can be fabricated in silicon or using polymers and it is important to notice that the 
fabrication process results to be very different for these two materials. When fabricating free-
standing beams, some requirements exists independently of the material used for the 
realization of the cantilever structure: 
The cantilevers mass should be decreased in order to enhance the sensitivity of the sensing 
platform.  
For dynamic mode operated cantilevers, the material should display low internal damping and 
the geometrical shape of the beam should account for high Quality Factor.  
The cantilever dimensions and geometries should be precisely controlled because of the 
relationship between the mass of the resonator and its sensitivity.  
Because of the majority of applications of such sensing platform use an optical read-out for 
the bending and/or resonant frequency monitoring, cantilevers should be reflective and the 
surface should be as smooth as possible in order to avoid the scattering of light.  
 
Silicon devices 
One of the most widely used material for the fabrication of cantilevers is silicon, because of 
the microfabrication processes applied in the ICT industry. In fact silicon, silicon nitride and 
silicon oxide are stable materials that can be used in different temperatures and 
environmental conditions. Typically, microcantilevers present dimensions that ranges from 1 
to 10 µm in thickness and from 450 to 950 µm in length.  
 
Bulk micromachining technique 
Clean-room fabrication processes are applied for the realization of micro-sized cantilevers. 
The approach that consists in the selective etching of silicon substrate from the backside of a 
wafer to the device is called bulk micromachining [122]. This process can be divided into three 
main steps: the first one corresponds to the preparation of the silicon substrate, followed by 
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the definition of cantilever geometry and, finally, the release of the device into a suspended 
configuration.  
 
Fig. 1.12. Schematic representation of microcantilver fabrication process using bulk micromachining 
techniques (Boisen et al., 2011). 
 
As illustrated in Fig. 1.12, during the first step the deposition of thin films is performed on a 
silicon wafer. The material used could be silicon nitride, silicon oxide or polysilicon. In 
particular, two layers are deposited. The outer layer is the one corresponding to the cantilever 
device and it defines the thickness of the beam structure, while the intermediate one 
represent the so-called stopping layer, which is used to protect the outer layer during the 
etching of the silicon substrate and to maintain the previously defined thickness of the 
cantilever structure. A common approach consists in using a Silicon-On-Insulator (SOI) wafer, 
which present a silicon oxide intermediate layer. The cantilevers geometry is defined by means 
of an optical lithography, in which the photoresist material is patterned by UV exposure on 
the front side of the wafer [123]. For cantilevers at the nanoscale, an electron beam 
lithography is used, in order to have a more controlled definition of the planar geometries 
[124]. The pattern is transferred to the wafer device layer by wet etching or Reactive Ion 
Etching (RIE), while the bulk substrate etching is typically achieved using a wet KOH etching or 
using the Deep Reactive Ion Etching (DRIE) technique. The last step consists in the remove of 
the sacrificial layer, in order to release the cantilever structure.  
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Polymer devices 
Polymer-based devices have been reported in literature as static sensors because of their 
Young’s modulus, which demonstrated to be two orders of magnitude lower than the one 
displayed by silicon-fabricated cantilevers. Moreover, the use of polymers allows to reduce 
costs of the fabrication process. For example, in 1999 the use of SU-8 photoresist for the 
realization of AFM probes was reported [125]. In this case, SU-8 Young’s modulus is as low as 
4 GPa, which make it a promising material for the realization of cantilever-based surface stress 
sensors [126]. Other polymers such as polyimide [127], polystyrene [128], polypropylene [129] 
and polyethylene therephtalate [130] have been evaluated for the fabrication of cantilever 
sensors.  
 
Surface micromachining technique 
The surface micromachining is a fabrication approach, which relies on the deposition of 
several layers on a surface in order fabricate free-standing structures [131]Typically, this 
strategy consists in the presence of a sacrificial layer, on top of which the deposition of the 
device layer is performed. Common methods of the deposition of the material are 
represented by spin-coating and chemical vapor deposition (CVD). In Fig. 1.13 are illustrated 
the main steps of the fabrication process.  
32 
 
 
Fig. 1.13. Schematic representation of microcantilver fabrication process using surface 
micromachining techniques (Boisen et al., 2011). 
 
In order to define the geometry of the polymeric cantilever, several methods can be used such 
as UV-photolithography. In this case, the polymer must be a photoresist such as SU-8 or 
polyimide [132, 133]. The polymer deposition is performed through spin-coating, then the 
polymer is baked and exposed to UV-light. Another strategy consists in the combination of 
standard lithography and polymer etching techniques. For example, the use of an oxygen-
plasma etching to define the planar geometry was successfully applied for the fabrication of a 
cantilever-based platform made of parylene and polyimide [134, 135]. Moreover, a fabrication 
process involving a nanoimprint lithography has been reported [136]. After the definition of 
the chip body, the cantilevers structures are released by removing the sacrificial layer 
previously deposited. Traditionally, this step consists in a selective etching of the material: wet 
etching and dry etching demonstrated to be available options [137, 138]. Usually, a major 
problem of these procedures is represented by the small gap between the cantilever and the 
substrate, with increasing risk of stiction phenomena [139].  
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3D fabrication 
The fabrication of microcantilevers were reported by McFarland and co-workers using a 
micro-moulding. Different materials such as polystyrene, polypropylene and nanoclay were 
investigated [140, 129].  
 
Fig. 1.14. Schematic representation of microcantilver fabrication process using micro-moulding 
technique (McFarland and Colton, 2005). 
Other patterning methods that were investigated are laser ablation, microstereolithography 
and multi-photon-absorption polymerization [130, 141, 142].  
 
1.2.3. Actuation systems 
Different techniques have been implemented to actuate cantilevers, taking in consideration 
the read-out system employed. Typically, the actuation system is represented by an external 
piezoelectric platform on which the device is mounted and put into vibration at a certain 
frequency. In others configurations, the actuator can be miniaturized and integrated within 
the sensor. The actuation systems include electrostatic actuation, thermal actuation and 
magnemotive actuation. In the electrostatic actuation the cantilever is put in proximity of an 
electrode on which an alternating voltage is applied, creating a periodic electrostatic force on 
the cantilever [143]. In the thermal actuation, an integrated resistive heater or an external 
laser are used to heat a bimorph cantilever in a pulsed manner [144]. In addition, natural 
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thermal vibrations of the beam temperature can be used [145]. In the magnetomotive 
actuation, a static magnetic field is applied perpendicular to a cantilever through which an 
alternating current is running. The Lorentz forces will thereby cause the cantilever to deflect 
[146].  
 
1.2.4. Read-out systems 
The deflection of the cantilever must be monitored during the measurement sessions; in order 
to do so, different methods has been implemented: some of them demonstrated to be robust 
techniques but with the require of large instrumentation, while others resulted in less reliable 
measurements but promising for their implementation into portable devices.  
 
Optical read-out 
The optical lever technique is the most used read-out system for cantilever-based sensors. A 
laser is focused at the cantilever free end and it is reflected off towards a position sensitive 
detector (PSD). This technique is able to reach a resolution under the nanometer 
displacement. However, this type of set-up cannot provide the simultaneously detection of an 
array of cantilever. In order to do so, an array of eight vertical cavity surface emitting lasers 
(VCSELs) was used for the monitoring of an array of equally spaced cantilevers [147]. The laser 
spots reflected by the cantilever structures are collected by a photodetector that can track 
the displacement of each corresponding cantilever. Another read-out system consists in the 
use of an expanded and collimated laser beam to illuminate an array of cantilevers. The 
reflected light is collected by a HR CCD camera [148]. Even though this method allows to 
acquire the displacement information from several cantilever simultaneously, the equipment 
required for the measurements is bulky and the resolution obtained is limited by the 
resolution of the camera employed. Another way to track the beam deflection is represented 
by the use of an interferometric system, which exploit the Doppler effect for the measurement 
of the velocity of dynamic mode operated microcantilevers; moreover, the same system can 
be used for the reconstruction of the profile of a bent cantilever [149]. Another application of 
the VCSELs technology as a read-out system consists in the formation of a so-called external 
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cavity between the laser and the cantilever. In fact, the light from the laser is reflected back 
into the VCSEL generating an interference signal [150].  
 
Capacitive read-out 
The change in the capacitance between two electrodes is exploited to monitor the deflection 
of cantilevers. In particular, a cantilever placed in close proximity to parallel electrodes causes 
a capacitance change, which can be related to the deflection of the beam [151]. The 
application of this read-out system for sensing purposes can be achieved starting from a SOI 
wafer, in which the buried oxide layer acts as sacrificial layer and defines the space between 
the cantilever and the electrode [152]. The capacitance changes are in the pF range, thus this 
type of read-out system require a precise control in the fabrication process in order to 
correctly define the spacing between the beam structure and the counter electrode. The main 
advantage of this read-out system is that it provides a method that does not require the 
modification of the cantilever structure, thus without affecting the mechanical properties of 
the sensor.  
 
Piezoelectric read-out 
Piezoelectricity consists in the generation of an electrical potential caused by a mechanical 
stress across a piezoelectric material and vice versa. This physical phenomena has been widely 
used as actuation and read-out system in dynamic mode operated cantilever-based sensors. 
The differential deposition of piezoelectric material on cantilever surface has been 
implemented for both AFM and sensing purposes. In particular, the first report of a zinc oxide 
film deposited on one side of an AFM probe was from Itoh and Suga in 1993 [153]. Another 
AFM piezoelectric read-out was demonstrated using a lead zirconate titanate (PZT) thin film 
[154]. The same PZT material was coated on a silicon nitride cantilever sensor designed for 
the detection of PSA and the DNA of the Hepatitis B virus [155, 156]. The piezoelectric read-
out has the advantage of being scalable and presents a low power consumption. However, the 
disadvantage is represented by the difficulty to work with these materials. Moreover, most of 
them are not clean-room compatible.  
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Piezoresistive read-out 
In piezoresistive read-out, the beam structures are fabricated with an integrated resistor, 
which displays piezoresistive properties: as the cantilever bends, it causes a change in 
resistance. Therefore, the resistance change is related to the deflection of the beam. This 
method can be used both in liquid and air and can be applied for static and dynamic operated 
cantilever sensors as well. Initially, this read-out system was integrated into an AFM set-up 
[157, 158]. Cantilever-based sensors with piezoresistive read-out for the detection of glucose 
and saccharide were reported [159, 160]. Typically, a Wheatstone bridge is used to connect a 
reference and a measuring cantilever in which the resistors were integrated [161]. In this way, 
the signal is generated only if there is a differential response arising from the two cantilevers, 
significantly reducing the noise. Moreover, this read-out system is easily integrated with 
CMOS for signal processing and amplification [162].  
 
1.2.5. Biosensing applications 
Microcantilevers represents a promising sensing platform because of their high sensitivity and 
rapid response. This sensing platform has been successfully used for the detection of proteins, 
pathogens, DNA and other small molecules [163-165]. In the following sections, a brief 
overview of the major achievements involving microcantilever-based biosensing will be given.  
 
Proteins 
Different microcantilever-based biosensors have been applied for the detection of proteins in 
various environments. In 2003, Arntz et al. reported the label-free detection of creatine kinase 
and myoglobin using a static-mode operated cantilever sensor [166]. The achieved sensitivity 
was below 20 mg/mL. Few years later, Wee and co-workers reported the use of a 
piezoresistive cantilever sensor for the detection of prostate specific antigen (PSA) and C-
reactive protein at different concentrations (10 ng/mL, 100 ng/mL, and 1 μg/mL), obtaining a 
proportional resistance signal as output of the sensor [167].  
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Waggoner et al. used arrays of dynamic mode operated nanomechanical resonators for the 
detection of PSA. The protein was revealed in a complex matrix such as fetal bovine serum, 
using a nanoparticle-based sandwich assay [168].  
 
Pathogens 
Ilic and co-workers described the application of a cantilever array for the detection of 
Escherichia coli cells in vacuum, using a selective anti-Escherichia coli antibody [145]. The same 
authors reported the use of a resonating cantilever for the detection of Baculovirus by means 
of a specific antibody. The sensor was dipped into a virus containing solution at different 
concentrations and the sensing platform was able to detect frequency shifts related to 
exposure to 105 pfu/mL of Baculovirus [169]. In 2007, Maraldo et al. successfully developed a 
cantilever sensor able to detect the pathogen Escherichia coli O157:H7. They reported 
sensitivities of 10 cfu/mL in phosphate buffered saline and 100 cfu/mL in ground beef [170]. 
The same year, Zhu et al described the use of a microcantilever sensor for the detection of 
Salmonella typhimurium, with a concentration of 5×103 cfu/mL [171].  
 
DNA molecules 
Fritz and colleagues reported the use of cantilevers for the detection of nucleic acid. The 
cantilevers were coated with gold, and thiolated oligonucleotides were immobilized on this 
side of cantilevers. After the hybridization of the complementary oligonucleotide, the bending 
of the cantilevers was related to the change in surface stress [114]. In 2003, Su et al. used 
oligonucleotide conjugated with gold nanoparticle. The microcantilever resonators were able 
to detect DNA concentrations as low as 0.05 nM [172]. In 2008, Mertens and colleagues 
reported the study of a self-assembled monolayer of single stranded DNA on a sensing 
platform consisting in a static operated silicon microcantilever. The surface stress established 
on one side of the beam structure was investigated upon hydration of the oligonucleotides 
layer, demonstrating a sensitivity in the fM range [52].  
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1.3. Chemical surface functionalization for silicon-based biosensing 
The successful realization of biosensing devices relies on the immobilization of biomolecules 
capable of specific interactions with the analyte of interest. Therefore, the proper surface 
functionalization of silicon-based sensing devices has a critical role, in order to provide high 
sensitivity and specificity. The immobilization of bioreceptors can be performed through 
different procedures: direct adsorption, covalent attachment, binding through electrostatic 
and affinity interactions. A chemical modification of the device surface is often required for 
the proper attachment of biorecognition elements. Physisorption of bioreceptors on silicon 
substrates has been widely investigated [173, 174], with drawbacks such as disordered 
orientation, lack of reproducibility, time-consuming procedures and receptor desorption 
phenomena. Thus, the stable immobilization represented by covalent attachment is desirable. 
Ideally, surface chemical functionalization should provide a biocompatible substrate for 
biorecognition elements tethering, high surface density, stability, reproducibility and minimal 
samples consumption.  
 
1.3.1. Silane Self-assembled monolayer 
Chemical surface modification with organosilanes represents one of the most used 
functionalization applied to silicon-based devices. The alkoxysilanes molecules are covalently 
attached to the silicon substrate through the condensation between the siloxanes of the 
organosilane and the hydroxyl groups exposed on the surface (Fig. 1.15). Silane self-assembled 
monolayer are more stable from a physical and chemical point of view than thiol-based 
assembled monolayers, although the formation of an ordered layer of organosilane molecules 
on silicon surface is a difficult task to achieve [175]. In fact, several important paramenters 
must be considered: water content, solvent employed, temperature and time of the 
deposition process are critical aspects for the achievement of high stability and reproducibility 
[176]. The most used organosilane molecules are thrichlorosilanes, trimethoxysilanes and 
triethoxysilanes [177]. Before the deposition process, silicon surfaces are dipped into oxidant 
solution in order to remove organic contaminants and increase the number of hydroxyl 
groups, which are fundamental in the silanization procedure [178]. Oxygen plasma [179, 180] 
and piranha solution [181, 182] are the most representative oxidant solutions. The deposition 
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of organosilane on silicon surface can be performed using different techniques such as wet 
techniques [183, 184], but organosilane condensation performed through CVD technique was 
reported to provide well-ordered monolayers [185, 186].  
 
1.3.2. -NH2 terminating organosilane 
3-aminopropylthriethoxysilane (APTES) and 3-aminopropyltrimethoxysilane (APTMS) are the 
most widely used organosilanes in biosensing applications because of their terminal amine 
group, which can react with aldehyde and carboxylic groups [187, 193]. APTES and APTMS 
molecules have the possibility to establish hydrogen bond interactions with the SiOx surface 
through the terminal amine group, resulting in a disordered layer deposition [194]. Moreover, 
alkoxysilane molecules can intermolecularly polymerize into a tridimensional structure, which 
provide an unstable layer with variable thickness [175]. In literature, different works has 
investigated the optimal conditions for APTES silanization process on silicon [176]: the best 
results were obtained using 1% APTES with short reaction time. After the silanization precess, 
the silicon surface exposes amine groups, which can be used for the direct immobilizations of 
bioreceptors. Thus, the APTES aminated surface demonstrated to be able to attach antibodies 
by adsorption [195]. Another strategy consists in the used of N-hydroxysuccinimide (NHS) for 
protein immobilization. For example, NHS-activated antibodies were incubated on an 
aminated silicon surface, resulting in the covalent attachment of the biomolecules through 
the formation of an amide bond [196]. However, the successful immobilization of NHS 
proteins is heavily dependent on the experimental conditions because of the hydrolysis 
phenomena in aqueous solutions [197]. A different approach involves the use of 
homobifunctional linkers such as 1,4-phenylenediisothiocyanate (1,4-PDI) and glutaraldehyde 
(Fig. 1.15). In the first case, the resulting isocyanate groups represent the binding site for the 
immobilization of amine-modified oligonucleotides with the formation of a thiourea bond 
[198]. Instead, by using the glutaraldehyde cross-linker it is possible to expose terminal 
aldehyde groups on the surface, which can provide the interaction site for amine-containing 
biomolecules with the formation of imines [199, 200]. Some work report the use of sodium 
cyanoborhydride for the reduction of the imine double bond [201, 202].  
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1.3.3. –SH terminating organosilane 
The use of organosilane with a terminal thiol group represents an alternative strategy for the 
immobilization of thiolated receptors. For example, an interferometer system was chemically 
functionalized through the deposition of mercaptopropyltriethoxysilane (MPTS) and a 
thiolated oligonucleotide was covalently tethered to the surface by means of a disulfide bond 
[203]. The same chemistry can be employed for the attachment of aminated bioreceptors 
through the use of the m-maleimidobenzyoyl-N-hydroxysuccinimide (MBS) cross-linker [204]. 
Moreover, the treatment of the surface with dithiothreitol (DTT) would allow the regeneration 
of the silicon device, even though this procedure is rarely implemented.  
 
1.3.4. Epoxy organosilane 
Epoxide chemical structure is an alternative chemistry for biomolecule tethering. The main 
advantage of this chemistry is represented by its stability in aqueous environment and by the 
possibility of coupling biomolecules containing thiol- or amine- moieties [205]. For example, 
3-glycidoxypropyltrimethoxysilane (GOPTS) was used as for the covalent immobilization of 
antibodies and oligoneucleotides [206]. In another work, the GOPTS molecules were further 
derivatized incubating with heterobifunctional poly-ethylene-glycol molecules presenting 
carboxyl groups, which were then activated by means of EDC/NHS for biotin immobilization 
[207]. Using a second approach, a heterobifunctional poly-ethylene-glycol with amine groups 
were derivatized on the silicon surface and the following NHS activated biotin molecules 
immobilization was performed [208].  
 
1.3.5. –COOH terminating organosilane 
The deposition of carboxylic functional groups on silicon surface has been investigated for the 
bio-conjugation opportunity they provide. In fact, these chemical groups can be used for the 
conjugation of biomolecules that present amine groups. Few works reported the use of this 
approach: Duval and colleague functionalized silicon nitride devices with 
carboxyethylsilanetriol sodium salt and applied an EDC/NHS protocol for proteins bio-
conjugation [209]. In another work, the same protein bio-conjugation procedure was 
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performed after derivatization with N-(trimethoxysilylpropyl)-ethylene-diamine triacetic acid 
[210]. The EDC/NHS protocol must be applied taking into consideration the experimental 
conditions in which the carboxyl activation is performed. Such chemistry can be employed 
using two strategy [211]. The first one consists in the activation of carboxyl groups directly on 
the silicon surface in acidic conditions, followed by the protein bio-conjugation in neutral 
conditions. The second strategy consists in the activation of proteins in solutions at neutral pH 
and then the activated proteins are incubated on the carboxylated silicon surface. The main 
difficulty with this second approach is represented by the cross polymerization of 
biomolecules in solution, resulting in the formation of protein aggregates [211].  
 
1.3.6. Isocyanate terminating organosilane 
The isocyanate chemistry can be used for biomolecules immobilization due to its reactivity 
towards amine, with the formation of isourea bond and towards hydroxyl groups, with the 
formation of urethanes [212]. Isocyanatepropyltriethoxysilane (ICPTS) was reported for 
protein immobilization on the surface of a silicon photonic crystal [186]. The same silane was 
used for the attachment of streptavidin molecules onto an ICPTS derivatized surface and then 
biotin-conjugated oligonucleotides were immobilized exploiting the biotin-streptavidin high 
affinity [213]. This chemistry consists in a one-step protocol, but a precise control of the 
experimental conditions must be achieved in order to obtain high reproducibility of the 
immobilization procedure.  
42 
 
 
Fig. 1.15. Schematic representation of the most used silicon-based surface chemical modification: 
organosilane modification (a), phosphonate modification (b), glutaraldehyde modification (c) (from 
Bañuls et al., 2013) 
 
1.3.7. Alternative strategies for biomolecules immobilization 
Even though organosilane-based chemical functionalization represents the most applied 
surface modification for silicon sensing devices, other approaches can be employed in order 
to immobilize biorecognition elements on the sensor surface. A few works reported a chemical 
functionalization based on the formation of a SAM of organophosphonate molecules with 
terminal hydroxyl groups [214, 215] (Fig. 1.15). Chen et al. reported the immobilization of 
amine-groups containing glycans on a divinyl sulfone modified surface [216]. Silicon nitride 
surfaces can be chemically modified following a catalytic hydrosilylation procedure. After 
removal of the native silicon oxide from the surface, a thermal or photochemical activation 
was performed in order to promote the reaction between the Si-H moieties on the surface 
and the alkene molecules [217-219]. The reaction resulted in the formation of carboxylic 
43 
 
groups, which were further activated through the EDC/NHS protocol. This is an interesting 
strategy that can provide a controlled immobilization of biomolecules with short time 
procedure. Another strategy consists in the immobilization of antibody by using Protein A or 
Protein G biomolecules. Protein A and Protein G present domains able to bind the Fc portion 
on mammalian IgG and their affinity varies with the species. In general, IgGs have a higher 
affinity for Protein G than for Protein A, and Protein G can bind IgG from a wider variety of 
species [220]. Several works reported the use of these proteins for the immobilization of 
antibodies in an oriented manner [221, 222]. Typically, after the biorecognition element 
tethering, a blocking step is performed on the functionalized surface in order to avoid or 
reduce non-specific interactions of non-target biomolecules on the remaining active sites. 
Widely used blocking agents are Bovine Serum albumin (BSA), poly-ethylene-glycol (PEG) and 
ovoalbumin (OVA) just to cite a few [223-226, 184].  
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1.4. Dengue Virus 
The Dengue virus is a Flavivirus, belonging to the family of Flaviviridiae. It is a single-stranded 
RNA virus enclosed in a lipopolysaccharide envelope [227] and itis responsible for an endemic 
disease spreading in the tropical and subtropical regions of the world called dengue fever 
[228]. Around 100 countries reported Dengue virus infections with an increasing incidence at 
global scale [229]. Since now, almost the 40% of the population lives in areas affected by the 
virus, corresponding to 2.5 billion people [230]. The World Health Organization (WHO) 
estimated more than 50 million infections annually, with 500,000 hospitalizations and a 
mortality rate of 5% [231, 232]. Thus, Dengue virus is considered one of the most important 
arthropod-borne diseases.  
Dengue virus is transferred to human beings by mosquitos such as Aedes aegypti, Aedes 
albopictus and Aedes polynesiensis; some of them are spreading around the different 
geographical areas, becoming the vector for the endemic disease expansion [233]. In recent 
years, Dengue virus transmission have been reported in different areas of the world such as 
Southeast Asia, Africa, Americas, Australia and Europe [234] (Fig. 1.16).  
 
Fig. 1.16. Dengue fever risk map 2008 (from WHO, 2008). 
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The genomic material of this virus is 10.7 kbp in length and presents a single open reading 
frame (ORF), encoding for three structural proteins: the nucleocapsid protein C, the 
membrane protein M, the envelope protein E (Fig. 1.17) and seven more non-structural 
proteins, including NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5 [235]. The protein C enclose 
the genomic material of the virus and the nucleocapsid is enveloped by a lipid bylayer, in which 
the membrane protein M and the envelope protein E are immersed [236, 237]. The non-
structural proteins are involved in the replication mechanism of the virus in the host cell; in 
particular, they play a role in the virion assembly and in the disruption of host defensive 
response [238]. Four different serotypes of Dengue virus are known and classified as DENV1, 
DENV2, DENV3 and DENV4 [239, 240].  
 
 
Fig. 1.17. Nucleocapsid of the Dengue virus and the envelope protein E (from Goodsell, 2008). 
 
The infection by one of the serotypes can lead to the different symptoms, from non-apparent 
infection or mild fever, called Dengue Fever (DF), to severe forms called Dengue Hemorrhagic 
Fever (DHF) and Dengue Shock Syndrome (DSS), which may lead to death [241, 242]. Immunity 
against one serotype does not guarantee protection from the infection of other serotypes. 
Moreover, a secondary infection with a different serotype determines a major risk of onset of 
DHF and/or DSS [243], due to different immunological mechanisms: the antibody-dependent 
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enhancement (ADE), the proliferation of the so-called original antigenic sin, which are cross-
reacting T cell clones and, finally, the cytokine storm and autoimmune responses [244-249]. 
Currently, no vaccines of viral treatments are available due to the fact that therapies should 
be effective against each serotype. The recent spreading of the dengue virus in several 
geographical areas has led to the increasing demand of reliable point-of-care (POC) devices 
for on-field detection of the virus, especially in underdeveloped regions of the world. With the 
advance in bioelectronics technology, new techniques are under development.  
 
1.4.1. Dengue virus clinical diagnostic methods 
In a clinical context, the diagnosis of Dengue infection is related to the virion isolation, 
detection of RNA, capsid antigen detection and serological analysis of specific anti-dengue 
antibodies [250]. The isolation of the Dengue virus is performed from mosquitoes or patient 
cells, using cell culture techniques. However, these methods require expensive laboratory 
instrumentation, educated personnel and time-consuming procedures [251]. Molecular 
biology techniques have been reported for the diagnostics purposes. For example, reverse 
transcription-polymerase chain reaction (RT-PCR)-based methods coupled with real-time PCR, 
such as nested RT-PCR, real-time quantitative PCR and nucleic acid sequence-based 
amplification have been applied for the detection of dengue virus in patients’ samples in 
acute-phase of infection [252-254]. These techniques can provide sensitive and reproducible 
analysis with serotype discrimination but are limited by the high technological requirements. 
Bioassays that use specific antibodies against the NS1 protein have been reported and 
commercial anti-NS1 protein kits are available for the detection in acute infection samples 
[235]. However, these methods are not able to discriminate between serotypes. Another 
strategy consists in the application of serological assays for the detection of the virus. In 
particular, one of the most used format is represented by an ELISA method for the detection 
of dengue-specific IgM antibodies in serum, plasma and saliva [255]. Analogously, an IgG 
antibody-capture ELISA was used for primary or secondary determination of the infection 
through the evaluation of IgM/IgG ratio, which is related to the mechanism of Dengue virus 
infection [256]. The determination of serotype by these immune-assays is difficult due to the 
cross-reactivity among the Flaviviruses [239].  
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1.4.2. Point-of-care diagnostic methods 
One of the most successful POC method is a lateral flow immunoassay, in which a specific 
antibody against the analyte of interest is conjugated with gold nanoparticles [257]. This 
complex is used to capture the target molecules and reveal the biological specific recognition 
through a second antibody which is able to interact with a different epitope of the analyte. 
Such technology was applied for the realization of several commercial kits for the detection 
of the non-structural NS1 protein and of the specific IgM, IgG and IgA antibodies [255, 258].  
 
1.4.3. Biosensors diagnostic methods 
Recently, different biosensing devices with piezoelectric, optical and electrochemical 
transducing mechanism have been reported for the detection of several targets related to 
dengue virus. The first one consisted in the use of a QCM on which two specific monoclonal 
antibodies against the E protein and NS1 protein were immobilized on a piezoelectric 
transducer for detection in saline buffer. The oriented immobilization of these specific 
antibodies on the sensing surface was achieved by the previous immobilization of Protein A 
[259]. This QCM device was able to detect the DENV2 serotype in spiked samples with a 
sensitivity comparable to the ELISA NS1 immunoassay. Another work reported the use of MIPs 
as biorecognition elements on a QCM-based sensor[260]. After the immobilization of NS1 
protein imprinted polymers on the sensing surface, the device was able to selectively 
recognize the NS1 protein in clinical samples with a whole detection time of less than one 
hour. Even though these QCM biosensors have been successfully applied for diagnostic 
purposes, their detection capability in clinical context may be limited by protein interference 
in complex matrices such as serum and plasma. Another well established technique for the 
detection of biological targets is represented by SPR sensing platform. A SPR-based sensor was 
used for the label-free recognition of IgM antibodies in serum [261]. In particular, the dengue 
virus antigen was immobilized on the gold-coated sensing surface and the IgM containing 
serum was put in contact with the device. The detection of the target was monitored in real-
time with a single step procedure. A similar diagnostic device was applied for the 
discrimination of Dengue serotypes: four Dengue virus antigen serotypes were immobilized 
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and only one µl of serum was required for the revelation of the dengue specific IgM with an 
overall time detection of ten minutes [262]. Thus, SPR-based sensor allowed the label-free 
detection of Dengue virus in a sensitive and specific manner. However, the required 
instrumentation is still rather large, limiting its application to on-field applications. Recently, 
the application of electrochemical impedance spectroscopy (EIS) was reported for the 
detection of Dengue virus antigens. EIS is an electrochemical technique, which relies on the 
change of electron transfer resistance at electrode/solution interface in order to provide 
information about the adsorption and desorption kinetics of analytes established on the 
electrode surface. An EIS biosensor was used for the detection of serotype specific IgG 
antibodies. In particular, particles of DENV2 serotype were immobilized on an alumina 
membrane presenting nanopores. In this way, it was possible to make quantitative 
measurements of both the immobilized DENV2 and of the bound IgG antibodies [263]. A 
similar sensor design was used for the detection of oligonucleotides sequences of the dengue 
virus on a nanoporous alumina membrane. Synthetic DNA probes were attached to the 
membrane and complementary dengue target sequences were hybridized to the probes 
causing an impedance change due to pore blocking. The limit of detection demonstrated to 
be the 10-12 M for a 31 bp sequence [264]. 
 
1.5. Aim of the Work 
The selective recognition of specific analytes in different matrices is of fundamental 
importance in several fields and applications. Moreover, these kind of applications strongly 
need a label-free detection, to reduce costs and complexity of the device. As an example, in 
the field of diagnostic and/or food monitoring there is a constant demand of biosensors able 
to detect the presence of biological target molecules (e.g. tumor markers, toxins) which could 
be found in complex matrices, such as human blood or foodstuffs [168]. Cantilever-based 
systems are promising label-free sensing platforms for this kind of task because of their high 
sensitivity [168]. In particular, dynamic mode operated cantilevers are used as a weighting 
device (microbalance), using the shift in their resonant frequency to detect the mass of the 
objects tethered to their surface [264], without the need of a signal amplification as it happens 
in ELISA or in fluorescence methods. In fact, the mass resolution extends from the nano- (10-
9) to the zepto- (10-21) gram range, whether vibrational curves are recorded, respectively, in a 
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complex matrix such as a liquid environment or in vacuum conditions, enhancing mass 
sensitivity due to the minimization of dumping effects in the latter case [165].  
MC-based-biosensors had been successfully applied for the detection of different targets 
(proteins and small molecules) in physiological buffers, paving their potential application in 
complex matrixes. In particular, this kind of biosensor was used for the detection of 
Angiopoietin-1 in Phosphate Buffer Solution (PBS) [222], of mycotoxins in PBS and in a mixture 
of acetonitrile/PBS [265] and of β-estradiol in serum samples [266].  
However, this MC arrays method shows some critical aspects when working with biological 
samples, which may result in a less accurate performance of the sensing platform. The critical 
steps were identified in the washing procedure, in the chemical functionalization used for 
biomolecules immobilization and in the non-specific binding due to the lack of passivation 
steps. Moreover, the conditions carried out for incubation of biomolecules represent another 
critical aspect of the whole procedure.  
For these reasons, the methodology used to face all these critical aspects of the detection 
technique is described in the Results and Discussion section. Then, the application of the MC-
based arrays to the quantification of immobilized proteins is presented. Thanks to this 
approach, it was possible to acquire useful information about the preferential orientation 
assumed by these proteins with respect to the sensing surface. Finally, this method was 
applied for the study of the interactions of the dengue virus 1 with a specific antibody. Dengue 
virus is responsible for the Dengue Fever (DF) and Dengue Hemorrhagic Fever (DHF), which 
are a leading cause of hospitalizations in tropics and subtropics area. Four serotypes of dengue 
virus are currently known and the infection by one serotype does not confer protection from 
other serotypes. Moreover, a secondary infection by a different serotype is correlated to a 
major risk of insurgence of DHF, which may lead to death. Currently, no cure or vaccine are 
available; thus, a better understanding of the interactions between the viruses and specific 
antibodies is expected to provide fundamental information for the development of a vaccine.  
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Chapter 2: Materials and Methods 
 
In this section, the fabrication process of MCs starting from a Silicon-On-Insulator (SOI) wafer 
is described. In order to define MCs geometry and establishing their characteristic suspended 
configuration, a combination of bulk micromachining techniques on the back side and 
Reactive Ion Etching (RIE) on the front side of the silicon wafer have been applied. Next, the 
different components constituting the experimental measuring set-ups used for the resonant 
frequency characterization of MC arrays is illustrated. All the components of the system are 
described: the actuation (through a piezoelectric crystal), the read-out systems (using the 
optical lever technique), the vacuum chamber in which the MC arrays are mounted and the 
pumping system which allows to operate MCs arrays in a relatively high vacuum condition (2 
× 10-7).  
During the early phase of this work, an optimization of the bioassay procedure was performed 
by means of an ELISA-like assay. In particular, squared silicon samples (5×5 mm2) were used 
as a model surface for the study of a novel chemical functionalization protocol used to 
immobilize proteins to the silicon surface. Moreover, this model was used for the optimization 
of the washing steps, for the investigation of the proper incubation conditions during proteins 
immobilization and for the blocking step necessary to avoid non-specific interactions. The 
preparation of the samples and the experimental conditions will be described in details.  
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2.1. MCs fabrication process 
MC arrays have been produced starting from a 4 inches Silicon-On-Insulator (SOI) wafer 
(Ultrasil Corporation). This is a (100)-oriented single crystal, p-type boron doped wafer.  
 
 
Fig. 2.1. Cross-sectional view of the SOI wafer used for the cantilever fabrication. 
 
In Fig. 2.1, a cross-sectional view of the SOI wafer used for MCs fabrication is reported. This 
wafer comprises four layers: i) the device layer with dimensions of 7 ± 1 µm, ii) the buried 
oxide layer of 1.5 ± 0.1 µm, iii) the handle layer (bulk silicon) of 300 ± 5 µm, iv) the silicon oxide 
layer on the back of the SOI wafer of 1.5 ± 0.1 µm.  
For the MCs fabrication a Reactive Ion Etching (RIE) process on the front of the wafer and a 
bulk micromachining technique on the backside have been implemented. The former allow to 
define the geometry of the cantilevers, while the latter permits the release of the structure 
into a suspended configuration. The steps of this two-mask process is reported in Fig. 2.2.  
 
52 
 
 
Fig. 2.2. Scheme of the main steps of the cantilever fabrication process: a) optical lithography on 
the back side, HF etching of the SiO
2
, polymeric (ProTEK
TM
) KOH protection on the front side; b) KOH 
wet etching of the bulk silicon; c) optical lithography on the front side to define the planar geometry 
and RIE on the silicon device layer; d) HF etching of the buried oxide layer. 
 
2.1.1. Optical lithography and device layer polymeric coating 
On the backside of the wafer an optical lithography is performed. This step allows to draw the 
geometrical area for the following wet etching.  
A HPR 504 positive photoresist (Fujifilm) is spinned on the backside (v= 3500 rpm, t= 20 s, d= 
1.4 um). Subsequently, the surface is covered with the lithographic mask to define the region 
in which the bulk silicon attack will be performed and following exposed to UV light using a 
mercury vapor lamp (wavelength λ=365 nm, power density P=3 mW/cm2). After exposure, the 
photoresist is developed using the AZ developer and removed in an acetone bath. Finally, a 
hydrofluoric acid solution (Buffered Oxide Etch, BOE) is used for the wet etching of the silicon 
oxide layer present on the back of the exposed regions of the wafer. After the optical 
lithography procedure, a protective polymeric film is deposited. In particular, the ProTEK™ B2 
(Brewer Science) is used as a protective coating of the device layer during the wet etching of 
the bulk silicon (see section 2.1.2). Before the polymer deposition, a primer (ProTEK Primer™, 
Brewer Science) is applied to improve the adhesion of the polymer itself to the silicon surface. 
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This primer is spin coated (v = 1500 rpm, spinning time t=60 s) and a soft bake at a temperature 
of 130 ÷ 150 °C on a hot plate for 1 minute is performed. The polymeric coating is then 
deposited by a spinning procedure (v=1000 rpm, t=90 s). Finally, a three step hard bake at 
T1=150 °C for t1=2 min, T2=170 °C for t2=2 min and T3=225 °C for t3=1 min is performed in order 
to obtain a compact polymeric film.  
 
2.1.2. KOH wet etching 
The KOH wet etching of the bulk silicon is performed using a 20% w/v KOH solution. The 
geometric dimensions of the regions are calculated in order to obtain a 1080×1080 µm2 
squared silicon oxide/silicon membrane, given that the etching angle of the KOH attack on 
single crystal (100) silicon is θ=54°74’. During this procedure, the sample is mechanically 
locked in vertical position using a Teflon® cell (see Fig. 2.3). This positioning guarantees a 
better evacuation of the hydrogen bubbles produced during the etching process. The 
operating temperature of the bath is T=85 °C and the use of a magnetic stirrer for mixing 
improves the uniformity of the removal from the bulk silicon, which is obtained in almost three 
hours of KOH etching.  
 
 
Fig. 2.3. KOH etching set up: (0) hot plate with temperature control; (1) external glass vessel filled up 
with hot water; (2) internal glass vessel filled with KOH solution; (3) temperature sensor feedback; (4) 
sample; (5) Teflon
 
sample stage with clamping system for sample immobilization; (6) magnetic stirrer. 
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2.1.3. Optical lithography and RIE process 
When the KOH wet etching of the silicon bulk is complete, the removal of the polymeric film 
using the ProTEK™ Remover 100 solution (Brewer Science) is performed. In order to obtain a 
perfectly clean silicon surface, a cleaning procedure in piranha solution (H2SO4:H2O2, 3:1) is 
required. Through an optical lithography on the front side using the second mask of the 
process, the planar cantilever geometries are defined. As previously described, a positive 
photoresist film is spin coated on the cleaned silicon surface (v=4000 rpm, t=20 s), then 
exposed to UV light and developed in the proper solution. The cantilever shape is transferred 
to the device layer through a RIE dry etching, removing the silicon down to the silicon oxide 
membrane. For this plasma etching, sulphur hexafluoride (SF6) is used as process gas. Its 
etching rate is much greater on silicon than on the photoresist pattern imprinted on the front 
side and it is negligible on the buried silicon oxide layer. A plane parallel plate RIE (STS 320PC) 
was used; the gas flux into the vacuum chamber is 30 sccm and the operating pressure is 100 
mtorr. Finally, the samples are immersed in a BOE solution in order to remove the silicon oxide 
membrane and the cantilever array is released.  
 
2.1.4. MC array 
MC arrays used in this work comprises eleven MCs. They are 460 µm in length, 50 µm in width 
and 7 µm in thickness. In Fig 2.4 is reported an image of a MC array. The dimension of the 
handle layer of a whole MC array is about 5×5 mm2. 
 
Fig. 2.4. FESEM image of the MCs array. 
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2.2. Experimental set-up 
MCs resonant frequency characterization has been performed in vacuum conditions using the 
optical lever technique. After each step of molecules deposition, it was possible to relate the 
resonant frequency shifts with the variation in mass due to the attachment of small molecules 
(chemical functionalization) and/or biomolecules to MCs surface.  
The experimental set-up used to characterize MCs vibration properties has been developed 
by Microla Optpelectronics S.r.l. This set-up allows to measure different MCs vibrational 
modes in an automated manner, superimposing a Lorentzian data fitting on the recorded 
signal.  
 
In this section, the main parts that constitutes our sensing apparatus will be described:  
 The actuation system, that is a piezoelectric disk; 
 The read-out system, which comprises a light source focused on the cantilever surface, 
whose reflection is revealed with a Position Sensitive Photodetector (PSD); 
 The electronic chain, which collects the signal from the PSD and filters the external 
noise before sending it to a PC for data storage;  
 The vacuum chamber system that is placed over a two-axis motor controller and allows 
performing the resonant frequency measurements in vacuum conditions.  
In Fig. 2.5 is reported a scheme of the different components comprising our resonant 
frequency characterization system, while in Fig. 2.6 is illustrated the measurement set-up. 
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Fig. 2.5. Drawing for the connections of the components which constitutes the set-up for the 
cantilever characterization 
 
 
Fig. 2.6. A photograph of the measurement set-up and a close view of the holding cell. 
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2.2.1. Actuation system 
MCs arrays are actuated using a piezoelectric crystal controlled by the function generator of 
a high frequency lock-in amplifier, which send a sinusoidal signal to the piezoelectric disk. In 
particular, the piezoelectric disk employed in our experimental set-up is a lead zirconium 
titanate (PZT) material (PI Ceramics), with dimensions of 300 µm in thickness and 56 mm in 
diameter, and a nickel/copper metallization on both sides. The bottom side of the disc is 
attached to a Peltier element by means of a thermal conductive glue. MC arrays are mounted 
on the piezoelectric crystal using a bi-adhesive conductive tape that allows the proper 
propagation of the mechanical vibration to the devices. The actuation system is able to put in 
vibration the MC arrays when excited by a voltage at a certain frequency. Therefore, the MCs 
vibrate at the same frequency of the excitation input. Moreover, performing a frequency scan 
to the piezo disk, the MCs can oscillate around their resonance frequency while monitoring 
their oscillation amplitude.  
 
2.2.2. Read-out system 
The sensing of the MCs vibration is performed using the optical lever technique. A laser diode 
beam (AMS Technologies) is focused on the front side of the cantilever. The procedure is 
performed using an optical microscope (50x magnification), in order to control the laser 
positioning on the MCs free end. Once the laser beam is reflected from the surface, an optical 
lens system collimates the light and focuses it on the small area of the PSD (PSD, Edmund 
Optics). The incident light is converted in a photocurrent and the amount of charge collected 
is inversely proportional to the distance between two lateral electrodes and the hitting point 
of the detector light spot. 
The differential response is independent from the intensity of the incident light and from the 
geometrical properties of the light spot. The photodiode can only detect a dynamic signal, 
because the differential variation of the charge collected at the electrodes is given by the 
position variation of the light spot.  
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2.2.3. Data collection, filtering and storage 
The PSD is able to collect the signal related to the movement of the cantilever, but generic low 
frequency mechanical vibrations of the system and its thermal noise have an influence on the 
final signal. All these components give origin to a very noisy signal detectable by the 
photodiode. Therefore, a signal filtering is performed by means of a lock-in amplifier allowing 
to record only the frequency of the signal which is related to the vibration of the cantilever. A 
lock-in amplifier works as a narrow band-pass filter centered on an input main frequency, 
which in our case corresponds to the driving frequency of the piezoelectric disk actuator. The 
output of the lock-in amplifier (HF2LI Lock-in Amplifier, Zurich Instruments) is proportional to 
the amplitude of the cantilever amplitude displacement on the z-axis, taking into account only 
the component related to the driving force of the piezo vibration. The electronics, constituted 
by the lock-in amplifier and the function generator, is controlled by a Labview® program. This 
program allows to set up automatic measurements up to nine MC arrays, controlling the range 
of the frequency scan, the main acquisition parameters and to store data on the PC.  
 
2.2.4. Vacuum chamber system 
The vacuum system is constituted by a vacuum chamber evacuated by a series of membrane 
and turbomolecular pumps (MINI-Task System, Varian Inc. Vacuum Technologies). The 
chamber is an aluminum hollow cylinder with an internal diameter of 100 mm. At the center 
of the chamber, there is a cylindrical pivot with a diameter of 30 mm on which a Peltier cell is 
mounted; the piezoelectric disk is locked over this element. Finally, the chamber is closed on 
the upper side by a transparent plexiglass stopper, allowing the laser light to pass across it to 
hit the cantilever surface. A Viton® circular O-ring is used to prevent leakage.  
 
The membrane pump of the vacuum system supplies the primary vacuum, down to a 
minimum pressure of about 1 mbar, while the turbomolecular pump allows to reach the 
maximum vacuum value of at least 10-7 mbar. Temperature is set by using a Peltier element 
(SuperCool) and a temperature control feedback (Electron Dynamics Ltd). The feedback signal 
necessary to maintain a fixed temperature is obtained interfacing the Proportional Integral 
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Derivative (PID) controller to a thermistor placed in contact with the upper surface of the 
piezoelectric disk.  
 
2.3. Vibrometer Micro System Analyzer (MSA) 500 
The MSA 500 laser vibrometer (Polytec, Waldbronn) uses the principle of the heterodyne 
interferometer to acquire the characteristics of mechanical vibration or transient motion 
processes. With this type of interferometer, a high frequency carrier signal is generated on 
the photo detector with the aid of a Bragg cell. To perform the vibration measurements, the 
beam of a helium-neon laser is pointed at the vibrating object and scattered back from it. 
Velocity and displacement amplitude of a vibrating object generate a frequency or phase 
modulation of the laser light due to the Doppler effect. This modulation is recovered in the 
signal processing unit by means of suitable decoders (demodulators). The velocity information 
is recovered from the frequency modulation of the Doppler signal, while the displacement 
signal can be reconstructed form the phase modulation available at the same time. A 
schematic layout of both signals is shown as a diagram in Fig. 2.7. 
 
 
Fig. 2.7. Schematic of the interferometer system: BS is a beam splitter, PD is a photo detector, MO is 
a microscope objective and AOM is the acousto-optical modulator (Bragg cell). 
 
60 
 
The Doppler signal is decoded in the controller (OFV-5000) with up to four different signal 
decoders. The high-frequency Doppler signal coming from the scanning head initially enters 
into a high-frequency stage, in which velocity or displacement information are recovered from 
the signal. The decoder stage is followed by a low-frequency stage, consisting of an analog 
filter module and a digital interphase (S/P-DIF transmitter) as well as a digital filter module.  
 
2.4. Chemical functionalization 
The chemical functionalization derivatized on silicon substrate provided the active sites for 
the ordered immobilization of proteins. In particular, two chemical functionalization based on 
the deposition of a APTES thin film and further derivatized incubating with succinic anhydride 
(APTES/SA) or glutaraldehyde (APTES/GA) were used in this work. The reproducibility and 
reliability of these chemical functionalizations were assessed by means of Optical Contact 
Angle (OCA), XPS and AFM analysis. Then, an ELISA-like assay was developed in order to test 
their protein grafting capability. In particular, it consists in performing an ELISA on silicon 
macro samples with dimensions 5×5 mm2. Moreover, the protocol used to immobilize 
biomolecules on silicon devices for biosensing through MC arrays was optimized by means of 
this technique. Once the proper conditions were chosen, they were applied to MCs bioassay.  
 
2.4.1. Silicon silanization through APTES 
Before organosilanes derivatization, silicon samples were immersed in a freshly prepared 
piranha solution for 15 minutes, to clean and hydroxylate the surface. Then, the samples were 
rinsed with Milli-Q™ grade water and dried in a stream of N2. After that, freshly cleaned 
substrates were incubated with 1% (v/v) solution of APTES in anhydrous toluene at 70 °C for 
10 minutes, by using a Schlenk line [267]. Afterwards, APTES derivatized substrates were 
rinsed three times with toluene and then dried in N2 stream.  
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2.4.2. APTES samples modification through GA 
In order to obtain a terminal aldehydic group on the silicon surface, APTES samples were 
incubated at room temperature (RT) in a 0.5% (v/v) GA solution in 100 mM Borate Buffer 
Saline (pH 8.5) for 1 hour on an orbital shaker. After 15 minutes, sodium cyanoborohydride 
(NaBH3(CN)) solution (5 M in 1 M NaOH) was added to a final concentration of 50 mM, in order 
to reduce the imine species formed by the reaction between −NH2 and −CHO groups [267]. 
After the one-hour incubation, the samples were rinsed several times with Milli-Q™ grade 
water, dried under N2 flux and stored in a sealed desiccator until needed.  
 
2.4.3. APTES samples modification through SA 
In order to introduce a terminal carboxylic group on the silicon surface, two different methods 
were tested. The first one consisted in the incubation of APTES samples in a 18 mg/mL SA 
dissolved in DMF solution for 30 minutes at RT [268]. After the reaction, the substrates were 
deeply rinsed with DMF, cured for 2 minutes in boiling water, washed with ethanol and finally 
Milli-Q™ grade water. The functionalized samples were dried under a N2 stream and stored in 
a sealed desiccator until needed. These substrates are referred hereafter as APTES/SA1. The 
second one, by modifying Kim et al. [269], consisted in the incubation of APTES samples at RT 
in a 5 mg/mL SA and 5 % (v/v) TEA dissolved in THF solution for 2 h, unless differently stated. 
After the reaction, the substrates were rinsed with THF, ethanol and Milli-Q™ grade water. 
The APTES/SA1 and APTES/SA2 functionalized samples were dried under N2 stream, and 
stored in a sealed desiccator until needed. These substrates are referred hereafter as 
APTES/SA2.  
 
2.4.4. Surface activation of functionalized silicon substrates 
In order to activate the functional groups on the APTES/GA and APTES/SA silicon surface, they 
were initially immersed in 100 mM MES, 150 mM NaCl, pH 4.7 (MES buffer) for 15 minutes. 
Afterwards, they were incubated for 15 minutes in a freshly prepared EDC/s-NHS solution (4 
mM EDC and 10 mM sulfo-NHS) in MES buffer, unless differently stated. The substrates were 
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washed three times with phosphate buffer saline supplemented with 0.05% v/v tween 20™ 
(PBS-t).  
 
2.4.5. Protein G/antibody bioassay 
Silicon substrates were functionalized and incubated overnight, at 4 °C, with 50 µL of 50 µg/mL 
of Protein G (PtG) in PBS-t. Bare silicon or Blank samples (No PtG) were also included as 
negative controls. The day after, the samples were washed thrice with PBS-t, incubated with 
1% BSA in PBS to block the available surface and then incubated with a goat anti-mouse IgG 
conjugated with horseradish peroxidase (Ab-HRP). The substrates were washed three times 
with PBS-t, colorimetrically developed with TMB liquid substrate and finally the reaction was 
stopped with 0.5 M H2SO4, at a 1:1 TMB:H2SO4 ratio. The optical density (OD) of the solution 
recovered after the reaction with the samples were recorded by means of a 2100-C microplate 
reader (Ivymen Optic System) at 450 nm and 630 nm. In order to indirectly quantify the 
amount of immobilized proteins on the surface, an in-liquid titration curve Ab-HRP in PBS-t 
was prepared and the related OD was measured. The OD recorded for the different samples 
were normalized and transformed in surface density (molecules/cm2) by comparison with the 
in-liquid titration curve. Finally, the signal-to-noise ratio (S/N) was obtained by dividing the 
mean signal detected for the different functionalized samples by the signal generated by 
nonspecific binding of the Ab-HRP to the BSA-blocked surface of bare Si.  
 
2.4.6. Contact angle measurements (OCA) 
The surface wettability of functionalized samples was investigated by OCA measurements 
using an OCAH 200 instrument (DataPhysic Instruments GmbH), equipped with a CCD camera 
and an automatic dosing system for the liquids. MilliQ™ grade water (H2O) and diiodomethane 
(CH2I2) were used as liquids for the OCA analysis by means of the sessile droplet method in 
static mode. Drop profiles were fitted through the Young–Laplace method and contact angles 
between fitted function and baseline were calculated using the SCA20 software. Standard 
deviation has been calculated for samples using a data set of three droplets for each liquid. 
Surface free energy of functionalized silicon substrates was determined by using the Owens–
Wendt–Kaelble (OWK) method [270].  
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2.4.7. X-ray photoelectron spectroscopy (XPS) 
XPS studies were carried out by a PHI 5000 Versaprobe scanning X-ray photoelectron 
spectrometer (monochromatic Al K-alpha X-ray source with 1486.6 eV energy, 15 kV voltage 
and 1 mA anode current) in order to investigate surface chemical composition. A spot size of 
100 µm was used to collect the photoelectron signal for both the high resolution (HR) and the 
survey spectra. Different pass energy values were employed: 187.85 eV for survey spectra and 
23.5 eV for HR peaks. All samples were analyzed using a combined electron and Argon ion gun 
neutralizer system to reduce the charging effect during the measurements. Spectra were 
analyzed using Casa XPS software. All core-level peak energies were referenced to C1s peak 
at 284.5 eV and the background contribution in HR scans has been subtracted by means of a 
Shirley function [271].  
 
2.4.8. Atomic Force Microscopy (AFM) 
The topography of the different samples was investigated by means of the INNOVA® AFM from 
Bruker Corp. The measurements were performed in the Tapping mode by using Silicon probes 
with a resonance frequency of ≈ 360 kHz, spring constant ≈ 40 N/m and nominal curvature 
radius of 8 nm. The recorded images were processed by the Gwyddion software using the 
standard procedures [272]. The plane inclination and piezo nonlinearities were removed by 
subtracting a second order polynomial, while the low frequency noise was reduced by a 
median line averaging. Finally, high frequency noise was reduced through a 2D FFT filtering 
using an elliptical low-pass filter. The surface roughness parameter was calculated by using 
the “root mean squared” (RMS) 𝑅𝑅𝑀𝑆 = √
1
𝑛
∑ 𝑦𝑖
2𝑛
𝑖=1 , where 𝑦𝑖 represents the vertical 
deviation of point 𝑖 from the mean value on a topographic map of 𝑛 points.  
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2.4.9. MCs protein incubation 
 
Protein G/Ab-HPR assay 
Functionalized MC arrays were incubated O/N at 4 °C with 50 µL of 50 µg/mL of Protein G 
dissolved in PBS. Negative controls (blanks) were incubated with 50 µL of PBS. Subsequently, 
MCs were rinsed thrice with PBS-t and thrice with Milli-Q™ grade water. After performing 
resonant frequency characterization, MC arrays were incubated 1 hour at 22 °C with 50 µL of 
BSA 1% dissolved in PBS. Then, the samples were rinsed three times in PBS-t and three times 
with Milli-Q™ grade water. After acquiring resonant frequencies, MC arrays were incubated 1 
hour at 22 °C with 50 µL of an HRP-conjugated anti-mouse Ab dissolved in PBS. After washing 
the samples as previously described, the acquisition of resonant frequency was performed.  
 
Domain III-Dengue Virus 1/DV32.6 antibody assay 
Functionalized MC arrays were incubated O/N at 4 °C with 50 µL of 250 µg/mL of DIII-DV1 
dissolved in PBS. Negative controls (blanks) were incubated with 50 µL of PBS. Subsequently, 
MCs were rinsed thrice with PBS-t and thrice with Milli-Q™ grade water. After performing 
resonant frequency characterization, MC arrays were incubated 1 hour at 22 °C with 50 µL of 
10 mM ethanolamine dissolved in PBS pH 7.5. Then, the samples were rinsed three times in 
PBS-t and three times with Milli-Q™ grade water. After acquiring resonant frequencies, MC 
arrays were incubated 1 hour at 22 °C with 50 µL of 50 µg/mL of DV32.6 antibody dissolved in 
PBS. After washing the samples as previously described, the acquisition of resonant frequency 
was performed.  
 
DV32.6 antibody/Domain III-Dengue Virus 1 assay 
Functionalized MC arrays were incubated O/N at 4 °C with 50 µL of 50 µg/mL of DV32.6 
antibody dissolved in PBS. Negative controls (blanks) were incubated with 50 µL of PBS. 
Subsequently, MCs were rinsed thrice with PBS-t and thrice with Milli-Q™ grade water. After 
performing resonant frequency characterization, MC arrays were incubated 1 hour at 22 °C 
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with 50 µL of 10 mM ethanolamine dissolved in PBS. Then, the samples were rinsed three 
times in PBS-t and three times with Milli-Q™ grade water. After acquiring resonant 
frequencies, MC arrays were incubated 1 hour at 22 °C with 50 µL of 50 µg/mL of DIII-DV1 
dissolved in PBS. After washing the samples as previously described, the acquisition of 
resonant frequency was performed.  
 
2.4.10. Statistical analysis of data 
Using the following equation, it is possible to relate the shift of the eigen frequency value Δf 
to the corresponding mass increment Δm:  
 
𝛥𝑓
𝑓0
= −
1
2
𝛥𝑚
𝑚0
 
 
where f0 is the resonant frequency and m0 is the initial resonator mass. This relationship is 
valid if the added mass is uniformly distributed on MCs surface and if the beam spring constant 
k remains constant after the sensing event. These assumptions hold for the detection of soft 
biomolecules because the spring-constant and the surface stress generated would likely have 
a negligible influence on the vibrational behavior of the MC resonators [168, 273].  
For each MC the first and the second flexural mode of vibration are measured, reported as 
𝑓𝑖
𝑛, where i = 1,2 indicates the modal number (the first and the second mode respectively), 
while n = 1-11 indicates the MC position in each array. The combination of these two 
measurements allow to increase the number of statistical data. In order to compare 
measurements from the different vibrational modes, the relative frequency shift are 
calculated and defined as:  
𝛿𝑖
𝑛 =  
∆𝑓𝑖
𝑛
∆𝑓𝑖
𝑛 
These two relative shifts related to the two vibrational modes are combined to obtain the 
arithmetical mean and the half deviation, which are used as signal of the single cantilever and 
relative uncertainty, respectively:  
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𝛿1,2
𝑛 =  
𝛿1
𝑛 +  𝛿2
𝑛
2
 
𝜎𝛿1,2𝑛 =  
|𝛿1
𝑛 − 𝛿2
𝑛|
2
 
The last step consists in the statistical combination of the eleven MCs comprising an array, in 
order to obtain a single value with its relative uncertainty. Considering each MC of an array as 
a single “sensor” able to measure a variable with its uncertainty, it is possible to use the 
weighted mean to calculate a better estimation of the real value of the array (and its relative 
uncertainty) as:  
𝛿1̅,2 =  
∑ 𝛿1,2
𝑛 𝑤1,2
𝑛
∑ 𝑤1,2
𝑛  
𝜎?̅?1,2 =  
1
√∑ 𝑤1,2
𝑛
 
where, 𝑤1,2
𝑛 =
1
𝜎
𝛿1,2
𝑛
2  is the statistical weight, the function which allow to attribute a weight to 
the single data in the calculation of the mean.  
 
2.4.11. Theoretical estimation of grafted biomolecule densities 
Marvin Sketch software (6.1.7, 2014, ChemAxon http://www.chemaxon.com) was used to 
estimate the theoretical geometrical descriptors of the molecules by means of the geometry 
tool, as reported elsewhere [274]. The starting structure for the calculation of the BSA 
parameters was the PDB 4F5S, while for PtG, the protein model structure was elaborated by 
homology modelling by the I-Tasser server [275, 276]. A manual evaluation of the projection 
areas was performed for comparison purposes. Two atoms lying on the same plane of the 
biomolecule PDB were selected using the Viewing Controls-Side View tool of UCSF Chimera 
(1.10.1, build 40427) [277]. The Distances tool was then used to draw and calculate the 
distance between these selected atoms. After that, the surface was made visible and an image 
was exported. With the aim of calculating the theoretical projection area of the biomolecule, 
this image was analyzed with ImageJ [278] by setting the scale using the previously drawn 
distance. The projection areas calculate in this way were used for the estimation of the 
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theoretical minimal and maximal surface densities of immobilized biomolecules. Finally, these 
theoretical values were compared to the experimental ones obtained with the 
characterization of MC arrays.  
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Chapter 3: Results and Discussion 
 
The results of the experimental work performed involving this microcantilever-based system 
are exposed in this chapter. The dissertation is illustrated in association with a deep discussion 
about the proposed method and a critic analysis of the obtained data.  
In the first section of this chapter, the improvements related to the MC arrays washing step 
protocol are described. This part of the work allowed to obtain more reliable data from the 
use of these beams as transducers of biomolecules interactions. The subsequent sections are 
dedicated to the presentation and characterization of the newly proposed APTES/SA chemical 
functionalization followed by the comparison of its protein grafting capability with the one 
established by the widely used APTES/GA surface modification. In particular, the deposition 
reproducibility and protein binding capability of these chemical functionalizations were 
investigated by means of an ELISA-like assay, in which silicon samples were used as model 
surface for the derivatization and the protein immobilization procedures. In the remaining 
sections, the introduction of the APTES/SA derivatization to MC arrays and the application of 
this system to the quantification of proteins tethered to the MCs surface are discussed. The 
MCs biosensing assays presented in this work were performed, as described before, through 
the characterization of the first and second flexural modes of vibration of different MC arrays 
before and after target immobilization. All the characterization procedures were performed 
in vacuum condition. Finally, the same MCs system was applied for the detection of the 
Domain III of the envelope glycoprotein (Protein E) of the Dengue Virus 1 through the DV32.6 
antibody immune-specific recognition, providing some interesting information about the 
stoichiometry ratio of the interaction between these biomolecules. The evaluation of the 
binding ability of different antibodies to the virus represents an important achievement 
because such information may accelerate the development of a vaccine, which is currently 
not available. 
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3.1. Washing Procedure 
The washing procedure represents a critical aspect for the realization of an efficient biosensor. 
In the case of MC-based systems used as a microbalance, this aspect is of fundamental 
importance because the sensor is able to give a signal (frequency shift - mass) even in presence 
of objects that are not the target of interest. For instance, biomolecules are usually dissolved 
in saline buffers that provide the optimal pH range and ionic strength in order to maintain the 
correct spatial conformation of the chemical residues constituting the molecule. This is even 
more important in the case in which antibodies or receptors represent the biorecognition 
element, because their specific recognition capability relies on the correct folding of the 
protein. The necessary presence of salts in the incubation buffer may represents an issue: if 
the salts are not efficiently removed during the washing procedure, they could crystallize and 
be weighted during the measurements procedure in vacuum.  
In Fig. 3.1 is reported the FESEM analysis performed on two MC arrays that were previously 
functionalized and subsequently put into two different experimental conditions: the first one 
(Fig. 3.1a – 3.1b) was incubated with biomolecules dissolved in PBS, while the second one (Fig. 
3.1c- 3.1d) was incubated only with the buffer solution (i.e. PBS). In the former ones, the MC 
array incubated with the biomolecules showed no traces of crystallized salts, while in the 
latter ones it is easy to notice residues at the clamped region of the MC. In fact, the higher 
resolution image shows the typical crystallized structure due to salt precipitation.  
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Fig. 3.1. FESEM images of functionalized MC arrays: clamped region of a MC array incubated with 
biomolecules dissolved in PBS (a-b); MC array incubated in the buffer solution only (c-d). 
 
In order to investigate the most efficient procedure for the washing steps, an experiment in 
which MC arrays were incubated in PBS only and subsequently washed with different 
protocols was designed. In particular, two of them were washed pipetting 400 µL of PBS-t 
thrice followed by pipetting 400 µL of Milli-Q grade water three times. The remaining two MC 
arrays were washed with the same protocol using a volume of 800 µL of buffer and water.  
 
Fig. 3.2. MC arrays evaluation of washing steps procedure: mean relative frequency shifts measured 
after the incubation in PBS and after performing the two different washing protocols. 
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In Fig. 3.2, the mean relative frequency shifts recorded after these washing steps are reported. 
MC arrays washed using the smaller volume of the buffer and Milli-Q water showed the largest 
frequency shifts. In particular, the MC array 1 experienced a positive shift (i.e. increase of the 
resonant frequency after the washing procedure); this behavior is probably related to the fact 
that salts residues, precipitated at the MC clamped region (see Fig. 3.1d), induced an increase 
of the beam spring constant k, which consequently caused an increase of the cantilever 
resonant frequency. Otherwise, MC arrays washed using a volume of 800 µL showed the 
smallest frequency shifts in comparison with the MC arrays washed using a volume of 800 µL.  
These data suggested that using a bigger volume during the washing steps could improve the 
removal of salts. Another aspect to be considered is represented by the contact time of buffer 
and water to the device. The pipetting procedure mainly relies on the mechanical friction to 
remove the excess of biomolecules that would be loosely attached to the surface. This 
approach may be not appropriate to dissolve precipitated salts residues.  
In order to better understand this aspect, the same experiment was performed using a volume 
of 1 mL for PBS-t and Milli-Q water, washing the samples three times for 5 minutes on an 
orbital shaker. Moreover, a gentle pipetting was applied between buffer and water removal.  
 
Fig 3.3. MC arrays evaluation of washing steps procedure: mean relative frequency shifts measured 
after the incubation in PBS and after performing the washing protocol consisting in the use of an 
orbital shaker and in the increase of buffer and water contact time. 
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In Fig. 3.3, the mean relative frequency shifts acquired after performing the new washing 
procedure are reported. As it is possible to notice, the frequency shifts of all the MC arrays 
are much smaller in comparison with the signals obtained in the previous experiment, 
particularly when compared to the 400 µL experimental condition. Moreover, the amplitude 
of the response is very close to the instrumental error of the system used for MCs resonant 
frequency measurements (Δf/f0 = 6.0 × 10-6). These data showed that an increase in the 
contact time is required to dissolve completely the precipitated salts residues that would form 
after the incubation processes.  
 
3.2. Chemical Functionalization 
A well-ordered functionalized surface is a critical aspect for the realization of sensitive and 
specific biosensing devices. One of the most applied strategy to obtain homogeneous and 
reproducible amino terminated Self Assembled Monolayer (SAM) on silicon based substrates 
is to work under anhydrous conditions. The procedure followed in this work was previously 
optimized by Frascella and Ricciardi [279]. The physico-chemical characterization of the 
samples was performed by means of OCA, XPS and AFM analysis and a set of PtG/Ab-HRP 
bioassays, in order to obtain an improved surface chemical functionalization with respect to 
both chemical activity and the procedure duration.  
 
3.2.1. Physico-chemical surface characterization  
Two sets of silicon samples were taken in consideration: one was simply cleaned and 
superficially oxidized with a piranha solution, while the second was also pre-treated by 
thermal oxidation at 1100 °C. This process allows growing a silica layer of hundreds of nm on 
the silicon surface [280]. The physico-chemical characterization of these piranha-treated and 
thermal oxidized silicon samples consisted in Optical Contact Angle (OCA) (Table 3.1) and X-
ray Photoelectron Spectroscopy (XPS, Fig. 3.4) analysis.  
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Table 3.1. OCA measurements of differently functionalized silicon samples. 
Surface OCAH2O [°] OCACH2I2 [°] 
SE     
[mN/m] 
Polar 
[mN/m] 
Disperse 
[mN/m] 
Si-H 78.7 ± 3.0 27.2 ± 1.5 45.52 3.42 42.09 
Si-OH 3.7 ± 2.1 33.3 ± 2.3 73.09 45.83 27.26 
APTES 58.9 ± 0.6 39.1 ± 3.9 47.87 16.63 31.24 
GA 66.1 ± 0.2 36.7 ± 3.9 45.30 11.14 34.16 
SA1 52.4 ± 1.3 36.5 ± 1.2 51.94 20.74 31.2 
SA2 45.4 ± 0.7 35.6 ± 2.4 56.11 25.76 30.35 
 
The OCA characterization indicated a high contact angle for the non-oxidized silicon surface. 
Particularly, the Si-H samples (HF treated silicon surface) showed a water contact angle of 
roughly 79 °, and this value decreased to about 4 ° after the piranha solution treatment (Si-
OH samples).  
The XPS analysis was performed to check the obtained functional groups following each 
functionalization step. Fig. 3.4 shows the HR Si2p spectra of a piranha treated silicon sample 
and a thermally oxidized one. The silicon sample treated with piranha solution presented a 
characteristic peak split due to the occurrence of both Si (68.6 area %) and SiO2 (31.2 area %) 
species (Fig. 3.4, red line).  
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Fig. 3.4. HR XPS Si2p peaks comparison: (red line) Si piranha-treated and (black line) Si thermally 
oxidized. 
 
The SiO2 layer thickness, dx (Å), was calculated using the equation [281]: 
   
 





 1
1
ln Si
Si
Ox
x
I
I
send


 
(1) 
   
where λSi is the attenuation length of the Si2p photoelectrons in SiO2, θ is the angle between 
the sample surface plane and the electron analyzer (take off angle, TOA = 45 °), β is the Si2p 
intensity from infinitely thick SiO2 and Si, respectively and IOx/ISi is the ratio of intensities of 
the oxide film and bulk silicon, respectively. Since there is considerable disagreement in the 
XPS literature regarding the two sample dependent constants, λSi and β, it was chosen to 
assign these two values: λSi = 2.7 nm and β = 0.83, as used by other authors [282, 283]. With 
the application of these parameters the oxide thickness was determined as dx = 8.5 Å as 
reported in literature [284]. Instead, the Si2p peak of the thermally oxidized sample (Fig. 3.4, 
black line) is solely due to oxide forms: SiO (12.4 area %) and SiO2 (87.6 area %). The Si signal 
coming from the bulk is absent, which means that the entire oxide film (SiO + SiO2) is thicker 
than 10 nm at least, which is the typical XPS penetration depth.  
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Fig. 3.5. HR XPS Si2p peak (a) and N1s (b) of the APTES functionalized samples: Colored dot lines are 
fitting curves (Voigt functions), the brown line is the fitting curve envelope while the black line is the 
experimental curve. 
 
The piranha treated and thermally oxidized silicon samples were then functionalized with 
APTES, as described in section 2.4. The physico-chemical characterization of these APTES 
functionalized silicon substrates comprised OCA (Table 3.1), XPS (Fig. 3.5) and Atomic Force 
Microscopy (Table 3.2) analysis.  
The APTES functionalization showed a water contact angle of ≈ 60 °, indicating a moderately 
polar surface. These properties may be due to the upward oriented amino group and the 
underlying propyl chain. After the APTES functionalization procedure, an increase of the water 
contact angle was recorded when compared with the value obtained for the Si-OH samples. 
Thus, the introduction of the aliphatic component of the molecule prevails on the polar 
component of the amino group. Moreover, the CH2I2 characterization showed a lower value 
when compared with the one measured from the Si-OH samples.  
An XPS analysis was performed on an APTES functionalized Si sample taking into account the 
Si2p peak and the N1s peak. The former (Fig. 3.5a) still possesses the splitting due to the Si 
bulk component (51.1 area %) and the oxide one (48.9 area %), which increases, if compared 
to the previous piranha treated sample. This effect can be explained by the presence of the Si 
atom in the APTES molecule. The latter one (Fig. 3.5b) is a clear evidence of the primary amine 
of the APTES molecule. It is composed by the superposition of a higher peak at lower binding 
energy (399.2 eV, 79.3 area %) and a lower peak at higher chemical shift (401.0 eV, 26.7 area 
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%). The first component is due to the NH2 amine signal, while the second one is due to the 
protonated amine (NH3+) signal. The presence of the latter one can be well explained by the 
interaction through hydrogen bond between the amine of APTES and the unreacted silanol 
groups of the Si substrates [285].  
The AFM topographic maps of APTES functionalized samples were recorded both for piranha 
treated Si and for thermally oxidized Si. The surface of the sample was quite homogeneous in 
both cases. The only difference was for the RRMS parameter that was slightly higher for the 
thermally oxidized samples (0.205 nm) than for the piranha treated one (0.114 nm), as 
reported in Table 3.2.  
 
Table 3.2. Roughness parameters of the topographical AFM measurements of Si-functionalized 
samples: 𝑹𝑹𝑴𝑺 calculated as reported in Section 2.4.8. 
Surface 𝑅𝑅𝑀𝑆 [nm] 
APTES (thermally oxidized) 0.205 
APTES (piranha treated) 0.114 
APTES/SA 0.202 
APTES/SA + PtG 0.305 
APTES/GA 1.080 
APTES/GA + PtG 1.033 
 
3.2.2. Carboxylic derivatization of APTES samples with SA  
In order to improve the reproducibility of immobilized biorecognition elements, the finely 
tuned APTES protocol was used as a chemical derivatizable layer to introduce at the surface 
carboxylic groups through the reaction of terminal amine groups with SA. Two procedures 
(APTES/SA1 and APTES/SA2; see Section 2.4) were chosen: the former corresponds to the 
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fastest protocol reported in literature [268], while the latter may guarantee a controlled 
immobilization of proteins [269].  
 
3.2.3. Physico-chemical surface characterization of APTES/SA 
The two succinic anhydride tested procedures were characterized through OCA and XPS 
analysis. In Table 3.1 the OCA values measured for SA1 and SA2 derivatized silicon samples 
are reported. The water contact angles of APTES/SA1 and APTES/SA2 were 52.4 ± 1.3 ° and 
45.4 ± 0.7 °, respectively. In both cases, the hydrophilicity and the polar contribution of the 
surface energy increased, with a more emphasized result obtained for the SA2 procedure.  
 
 
Fig. 3.6. HR XPS C1s peaks for the SA1 (a) and SA2 (b) functionalized samples: Colored dot lines are 
fitting curves (Voigt functions), the brown line is the fitting curve envelope while the black line is the 
experimental curve. 
In Fig. 3.6, the XPS characterization of the APTES/SA1 and APTES/SA2 samples are reported. 
The N1s signals from both functionalized samples is less intense, if compared to the one 
observed for the APTES samples, because of the presence of a longer chain generated by the 
attachment of the open SA molecule, which lessens the NH2 signal. It was still possible to 
distinguish between the amine/amide component at lower binding energy (399.0-400.0 eV) 
and the protonated amine at higher chemical shifts (405.5-401.2 eV), but the fitting procedure 
is difficult due to the low S/N ratio (data not reported). For both samples, it was detected the 
main C-C/C-H peak at 284.5 eV, a second peak due to C-O/C-N at 285.8 eV and the C═O at 
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287.0 eV. Furthermore, a peak at 288.3 eV was observed in the APTES/SA1 sample and 
assigned to the amide (C═O)-NH-C resulting from the chemical reaction between –NH2 and 
the carboxylic moieties of APTES and SA, respectively [286]. For the APTES/SA2 samples a peak 
corresponding to the terminal carboxylic group ((C═O)-OH/C) was observed at 288.7 eV and 
it was reasonably superposed to the peak related to the amidic component (not visible). This 
difference between SA1 and SA2 spectra evidences that only by SA2 method it is possible to 
limit the reaction between the open SA cycle with the surface amines, to one of the two 
carboxylic terminations. On the contrary, SA1 method seems to promote “bridge” reactions 
of both the ends of the molecules with the aminated surface so, feasibly, giving rise to vertical 
or lateral SA polymerization. This hypothesis is supported by the intensity and amount of SA1 
C-C component, at 284.5 eV, higher than the one from SA2 sample (87.78 and 74.80 area %, 
respectively). It is feasible that this behavior is due to the higher amount of anhydride used 
during the SA1 method in comparison to the SA2 one.  
 
3.2.4. Protein G/antibody bioassay 
Following the physico-chemical characterization, the APTES/SA samples related to the two 
methods were tested by means of a PtG/antibody bioassay for their capability to effectively 
tether the biomolecules onto the surface. Furthermore, through the application of an in liquid 
titration curve, the surface density of grafted molecules was evaluated. 
 
3.2.5. Protein G/antibody bioassay on APTES/SA samples 
In Fig. 3.7, the results of this investigation are reported. In this experiment, two different 
samples were prepared using the two selected procedures and the activation effect of the 
carboxylic functionalities was also investigated. As it is possible to notice, the higher surface 
density of grafted molecules is obtained with the APTES/SA2 (8.38 ± 1.99 × 1010 
molecules/cm2), while the APTES/SA1 protocol allowed to obtain a surface density of 2.15 ± 
0.87 × 1010 molecules/cm2. This difference is accentuated when the samples are activated 
through EDC/s-NHS dissolved in MES buffer. The mean surface density value measured on 
activated APTES/SA2 samples is 3.18 ± 0.06 × 1011 molecules/cm2 of immobilized HRP-
conjugated antibody.  
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Fig. 3.7. Comparison of the protein binding efficiency of SA1 and SA2 protocols by means of 
PtG/AbHRP bioassay. 
 
The S/N ratio represent an important parameter for a sensing device and its maximization is 
desirable in order to have a suitable dynamic range. In Fig. 3.8, the calculated S/N of the 
differently functionalized samples is illustrated. As highlighted by the graph, the highest S/N 
ratio is obtained with the activated APTES/SA2 samples.  
 
 
Fig. 3.8. Comparison of the signal to noise ratio obtained during the PtG/AbHRP bioassay performed 
on APTES/SA1 and APTES/SA2 samples, activated and not activated with EDC/s-NHS. 
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3.2.5. Optimization of the succinic anhydride functionalization 
In order to identify the shortest time required for the chemical derivatization procedure while 
maintaining a high grade of uniformity and reproducibility of immobilized proteins, the APTES 
functionalized samples were incubated for different incubation times (0.5, 1, 2, 3 hours) in a 
SA containing solution. Moreover, the binding capacity efficiency of the APTES/SA2 chemical 
functionalization was investigated through the proposed PtG/Ab-HRP bioassay. Fig. 3.9a 
reveals that the mean number of Ab-HRP molecules grafted to the surface is nearly constant 
starting from 1 hour of contact time, even if the variability of the signal is quite large when 
compared to longer processes. Thus, an incubation time of at least 2 hours is required with 
the aim of maintaining a good reproducibility.  
 
 
Fig. 3.9. Optimization of the APTES/SA functionalization and activation: a) Influence of different 
incubation time of the APTES samples in the SA solution on the protein grafting. b) Influence of 
different carboxyl group activation on the protein grafting (mM concentrations of EDC/s-NHS are 
reported below the column bars). 
 
The effect of EDC/s-NHS concentrations for the immobilization of PtG/Ab-HRP on APTES/SA2 
functionalized samples was studied (see Fig. 3.9b). All the functionalized silicon samples were 
exposed to the crosslinking agents for 15 minutes: the activation time was chosen as a fixed 
parameter to avoid the detrimental effects of a longer incubation [196]. The data showed that 
the mean number of Ab-HRP grafted to a non-activated surface is around 1 × 1011 
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molecules/cm2. The surface density increases to 2.34 ± 0.26 × 1011, 3.04 ± 0.20 × 1011 and 3.30 
± 0.23 × 1011 molecules/cm2 if the concentrations of EDC/s-NHS used are 2/5 mM (suggested 
for bioconjugation applications [196]), 4/10 mM or 260/23 mM, respectively. The highest 
value of grafted biomolecules was obtained with the highest concentration (260/23 mM), also 
confirmed by other authors for silicon and silica functionalization [269]. However, the highest 
calculated S/N ratio corresponds to the 4/10 mM EDC/s-NHS concentration as shown in Fig. 
3.10.  
 
 
Fig. 3.10. Comparison of the signal to noise ratio obtained during the PtG/AbHRP bioassay performed 
on APTES/SA2 samples activated with different EDC/s-NHS concentrations. 
 
3.3. Comparison of APTES/SA and APTES/GA functionalization 
After selecting the APTES/SA2 chemical functionalization, its protein grafting capability was 
compared with the one established by another widely used method: the anhydrous APTES-
based silanization followed by a glutaraldehyde derivatization for the introduction of an 
aldehydic functionality (APTES/GA) [279]. 
 
3.3.1. Physico-chemical characterization of APTES/GA samples 
The physico-chemical characterization of the APTES/GA samples was performed, as before, 
through OCA, XPS and AFM analysis. In Table 3.1, the values of the OCA measured for the 
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APTES/GA derivatized surfaces are reported. The GA derivatization showed a water contact 
angle of 66.1 ± 0.2 °, slightly increasing the hydrophobic component of the surface previously 
covered by APTES. These results are consistent with the hypothesis presented by other 
authors [287], suggesting the presence of a high degree of disordered polymerized structures, 
involving the GA alkyl chains, through the formation of cyclic species containing an aldehydic 
group.  
 
 
Fig. 3.11. HR XPS C1s peaks for the GA functionalized samples: Colored dot lines are fitting curves 
(Voigt functions), the brown line is the fitting curve envelope, while the black line is the experimental 
curve. 
 
In Fig. 3.11, the XPS analysis of APTES/GA samples is reported. It is possible to identify the C-
C/C-H peak at 284.5 eV (76.3 area %), the second peak due to C-O/C-N at 285.8 eV (17.6 area 
%) and the C═O peak at 287.0 eV (6.1 area %). This is due to both the reaction of –CHO in GA 
molecules with the –NH2 of APTES and the high grade of GA polymerization.  
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Fig. 3.12. AFM height images of APTES/SA2 (a) and APTES/GA (c) functionalized Si samples: Panels 
(b) and (d) show the same samples reported on the left but after immobilization of the PtG 
biomolecule. 
 
Fig. 3.12 shows representative AFM topographic images corresponding to the two different 
functionalization methods (i.e. APTES/SA2 (a) and APTES/GA (c)). The topographic maps of the 
same samples after immobilization of the PtG (b and d, respectively) are reported. The surface 
of the APTES/SA2 sample is quite homogeneous, indicating that the chemical functionalization 
uniformly covered the sample. This is also confirmed by the rather low value of RRMS = 0.202 
nm. After the immobilization of PtG on the surface, the roughness increases to 0.305, but the 
surface is still homogeneous and only few and very small clusters are formed. Instead, for the 
APTES/GA sample a considerably irregular morphology was observed with several large 
clusters and a roughness of RRMS = 1.080 nm, confirming the tendency of GA to polymerize on 
the surface. The subsequent immobilization of PtG on the surface is hardly noticeable and the 
roughness remains basically unchanged, slightly decreasing to RRMS = 1.033 nm. 
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Fig. 3.13. AFM phase maps of APTES/SA2 (a) and APTES/GA (c) functionalized Si samples: Panels (b) 
and (d) show the same samples reported on the left but after immobilization of the PtG. 
 
The phase maps reported in Fig. 3.13 clearly show that, for the APTES/SA2 samples, new 
globular structures appear after the incubation with PtG. For the APTES/GA sample, the 
surface is already inhomogeneous and several globular structures are visible before PtG 
immobilization. However, the inhomogeneity and the density of globules increase after PtG 
grafting.  
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3.3.2. Comparison of the binding capability of APTES/SA2 and APTES/GA through the Protein 
G/antibody bioassay 
The samples were derivatized following the two different methods and compared in terms of 
surface density of grafted molecules of antibody, after performing the PtG/Ab-HRP bioassay. 
In Fig. 3.14, the comparison of the APTES/SA2 and APTES/GA functionalizations in terms of 
active biomolecules immobilization is reported. The highest surface density was obtained for 
the APTES/SA2 samples activated by EDC/s-NHS with a value of 3.12 ± 0.21 × 1011 
molecules/cm2. For the same not activated surface a value as low as 1.14 ± 0.39 × 1011 
molecules/cm2 was recorded, highlighting the importance of this activation step. Instead, the 
APTES/GA functionalization was not influenced by the EDC/s-NHS activation because of the 
unreactivity of the crosslinking agents with species different from carboxylic groups. The 
surface densities measured for the activated and non-activated APTES/GA samples were 1.78 
± 0.23 × 1011 molecules/cm2 and 1.54 ± 0.43 × 1011 molecules/cm2, respectively. These data 
indicate that this surface modification can be used to anchor biomolecules on silicon surface, 
but with the introduction of a greater variability than APTES/SA2 method.  
 
 
Fig. 3.14. Comparison among the APTES/GA and APTES/SA2 functionalizations in terms of active 
biomolecules immobilization. 
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Comparing the surface density of immobilized antibodies, the best performing chemical 
surface modification is the optimized APTES/SA method combined with the proper EDC/s-NHS 
activation. Furthermore, the estimated number of molecules of Ab-HRP is related to the 
effective number of molecules grafted and properly oriented using an orienting protein such 
as PtG.  
Concerning the S/N, this data-set clearly shows that the highest ratio is achieved by the 
activated APTES/SA2 functionalization, with a mean value of about 1500, which is twice the 
value obtained by APTES/GA method after the same chemical groups activation protocol (Fig. 
3.15).  
 
 
Fig. 3.15. Comparison of the signal to noise ratio obtained during the PtG/AbHRP bioassay performed 
on APTES/SA2 and APTES/GA samples activated with different EDC/s-NHS concentrations. 
 
The physico-chemical characterizations and the functional PtG/Ab-HRP bioassays 
demonstrated that the optimized APTES/SA2 protocol generates a surface able to covalently 
tether biomolecules with high surface density, performing the entire preparation procedure 
in about 3 hours.  
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3.4. APTES/SA functionalized MCs for protein immobilization and 
quantification 
The physico-chemical characterizations of APTES/SA functionalization showed that this 
chemical surface modification is more reliable in terms of homogeneity and reproducibility if 
compared to the APTES/GA functionalization. Moreover, it demonstrated a better protein 
grafting capability than APTES/GA when properly activated by EDC/s-NHS protocol. Starting 
from these results, the APTES/SA functionalization was derivatized onto MC arrays surface, in 
order to investigate whether it could lead to a more performing biosensing platform when 
compared to the more consolidated APTES/GA chemical functionalization.  
 
3.4.1. Washing step procedure on APTES/SA functionalized MC arrays 
In order to investigate the efficiency of the washing procedure on APTES/SA functionalized 
MC arrays, the same experiment previously conducted on bare silicon MC arrays was 
performed (see section 3.1). In particular, three APTES/SA derivatized MC arrays were 
incubated O/N at 4 °C with PBS.  
 
Fig. 3.16. APTES/SA derivatized MC arrays evaluation of washing steps procedure: the box chart 
show the mean relative frequency shifts measured after the incubation in PBS and after performing 
the washing protocol. 
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Fig. 3.16 reports the mean relative frequency shifts measured after the MC arrays were 
incubated in PBS and washed as previously described in Section 3.1. It is possible to notice 
that each array underwent very small frequency shifts, comparable to the instrumental error 
of the measurement set-up. Therefore, these data showed that the optimized washing steps 
represent an efficient procedure to remove the salts residues that could crystallize during and 
after the O/N incubation, even on APTES/SA functionalized MC arrays. After the resonant 
frequency characterization, a FESEM analysis was performed on these MC arrays in order to 
check the absence of salt residues. The images confirmed the efficiency of the washing steps 
procedure on APTES/SA derivatized MC arrays (data not shown).  
 
3.4.1. Evaluation of the APTES/GA and APTES/SA molecules deposition on MC arrays 
MC arrays were used as a mass sensor for the quantification of APTES/GA and APTES/SA 
molecules tethered to their surface after the derivatization processes. First, theoretical values 
were calculated by means of the geometrical descriptors tool of Marvin Sketch (see Section 
2.4.8) with the aim of making an estimation of the surface densities in case of a perfect 
monolayer deposition. These theoretical molecule-covering areas were used (Table 3.3) to 
make a comparison with the MCs experimental data.  
 
Table 3.3. Comparison of APTES/GA and APTES/SA theoretical molecules/cm2 and experimental mean 
molecules/cm2. *Calculated using Marvin Sketch’s Geometrical Descriptors plug-in. **It is assumed 
that APTES molecules arrange themselves upward. 
 
Molecular Weight 
[Da] 
Min Molecule Area 
[Å2]* 
Max Molecules Area 
[Å2]* 
APTES/GA 234.31 25.34 /** 
APTES/SA 234.26 25.34 /** 
PtG 21600.00 1359.91 1721.12 
BSA 66432.90 2864.03 4088.50 
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In this experiment, ten MC arrays were silanized with APTES. Afterwards, five of them were 
subsequently incubated with GA, while the five remaining arrays were incubated with SA. In 
Fig. 3.17, the mean relative frequency shifts are reported.  
 
 
 
Fig. 3.17. MC arrays evaluation of APTES/GA and APTES/SA molecules deposition: mean relative 
frequency shifts measured after the functionalization processes of APTES/GA (a) and APTES/SA (b). 
The dashed line represents the relative frequency shift value expected for a monolayer deposition of 
molecules. The same y-axis scale was used to facilitate the comparison. 
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Table 3.4. APTES/GA and APTES/SA theoretical molecules/cm2 and experimental mean molecules/cm2. 
 
Experimental mean Δm 
[× 10-11 g] 
Experimental mean 
molecules/cm2 [× 1014] 
Theoretical 
molecules/cm2 [× 1014] 
APTES/GA 53.01 ± 33.34 25.81 ± 16.23 3.95 
APTES/SA 7.25 ± 1.69 3.53 ± 0.82 3.95 
 
The experimental mean surface density of the five APTES/GA arrays was 25.81 ± 16.23 × 1014 
molecules/cm2, while the experimental mean surface density of the five APTES/SA arrays was 
3.53 ± 0.82 × 1014 molecules/cm2. The experimental data showed that this measured 
APTES/SA surface density is very close to the theoretical one, corresponding to a monolayer 
deposition of molecules 3.95 × 1014 molecules/cm2, while the experimental value for 
APTES/GA functionalization is about seven times higher than the expected one. In Fig. 3.7, the 
relative frequency shift expected for a perfect monolayer deposition of molecules is added as 
a dashed line. Moreover, the measured uncertainty of the APTES/GA functionalization is ≈ 
63% of the signal value, while the APTES/SA functionalization present an uncertainty of ≈ 23% 
of the signal value. These data suggest that the two derivatization processes are quite 
different in terms of deposition reliability. Thus, APTES/SA can be considered a more 
reproducible chemical functionalization compared with APTES/GA. Even on MC arrays 
platform, the lower reproducibility of APTES/GA functionalization is confirmed and can be 
related to polymerization processes of GA that spontaneously occur in aqueous solutions 
[287].  
 
3.4.2. Protein G/antibody-HRP bioassay on MC arrays 
Thanks to the application of the APTES/SA chemical functionalization, that demonstrated to 
be a more reliable surface modification for biomolecules immobilization, it was possible to 
immobilize biomolecules on MC arrays. In particular, MC sensing platform allowed to relate 
the recorded mass data to the biomolecules surface densities, providing information about 
the preferential orientation of adsorbed proteins on the resonators surface. In particular, it 
was possible to formulate interesting considerations about the structure of the protein layers 
arranged on the solid surface.  
91 
 
The PtG/Ab-HRP, which was conducted on silicon macro samples (section 3.3.2), was then 
performed on MC arrays. In particular, the resonant frequencies of three MC arrays were 
acquired after the PtG incubation O/N at 4 °C and after the a-mouse Ab-HRP incubation for 1 
hour at RT. These two steps can be considered as the basis for the realization of an immune-
sensor because of the Ab orienting ability of PtG.  
 
 
 
Fig. 3.21. MC arrays evaluation of the PtG and BSA molecules immobilization: mean relative 
frequency shifts measured after the incubation with PtG (a) and BSA (b). 
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In Fig. 3.21a, the mean relative frequency shifts after PtG immobilization on MC surface are 
reported. As it is possible to notice, the two MC arrays incubated with PtG showed a signal 
that was clearly distinguishable and roughly tenfold higher than the signal recorded for the 
blank condition. The corresponding frequency shifts are proportional to the added mass of 
immobilized PtG on MC surface. After the incubation with the Ab-HRP, a clear signal was 
detectable for the positive conditions (i.e. MC arrays incubated with Ab-HRP), while a very 
small signal was recorded for the blank condition (i.e. incubated only with the buffer). 
Analogously, the recorded shifts are related to the mass of Ab-HRP, which established 
interactions with the orienting PtG previously tethered to MC array. It is important to notice 
that the first MC array (starting from the left) showed a signal even though it was not 
previously incubated with PtG and was later incubated with Ab-HRP (Fig. 3.21b, first MC 
array). The fact that the antibody was able to interact with the MC surface, even when the PtG 
was not immobilized, suggests that the chemical functionalization still exposes functional 
groups able to give interactions with biomolecules. This is a common scenario in biosensing 
applications, in which the non-specific component represents the most important limiting 
factor for a sensitive device [13].  
 
3.4.3. Quantification of PtG molecules surface density 
After showing that APTES/SA could be considered as a more reproducible chemical 
functionalization in terms of molecules deposition and proteins grafting ability than 
APTES/GA, a quantification of immobilized PtG was performed using APTES/SA derivatized MC 
arrays. After the activation step, the MC arrays were incubated with PtG, and their resonant 
frequencies were acquired. The experimental data were then compared with the theoretical 
surface densities evaluated with the same bioinformatics approach previously illustrated (see 
Section 2.4.8). Even though Marvin Sketch geometrical descriptor plug-in was reported to be 
used for small molecules [274], it is feasible to perform a similar analysis on proteins (i.e. PtG). 
With the aim of validating the application of this analytical tool to bigger molecules, an 
evaluation of the proteins projection area was performed by means of a manual method using 
UCSF Chimera and ImageJ (see Section 2.4.8). The resulting areas from the two methods were 
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compared: the manual method showed a higher projection area for both protein orientations 
with a difference that was roughly 5% of the value calculated using Marvin Sketch plug-in. In 
order to avoid the user-dependent bias of the manual approach, the values obtained by the 
automatic plug-in were taken into account only (Table 3.3).  
 
 
 
Fig. 3.19. MC arrays quantification of PtG and BSA: mean relative frequency shifts measured after 
the incubation with PtG (a) and after the subsequent incubation with BSA (b). The yellow columns 
represent the blank conditions. The dashed line represents the relative frequency shift corresponding 
to the instrumental error. 
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Table 3.5. Comparison of the estimated surface densities (minimum and maximum) and the 
experimentally measured surface density of PtG. PtGeq represents the BSA molecules/cm2 converted 
to PtG molecules/cm2 using BSA/PtG ratio. 
 
Experimental mean Δm      
[× 10-11 g] 
Experimental mean 
molecules/cm2 [× 1012] 
Theoretical 
molecules/cm2        
[× 1012] 
 PtG PtG + PtGeq PtG PtG + PtGeq Min Max 
PtG 8.02 ± 1.42 12.23 ± 2.80 4.23 ± 0.75 5.94 ± 1.36 5.81 7.35 
 
In Fig. 3.19a, the mean relative frequency shifts of the resonators arrays are reported. All five 
MC arrays incubated with PtG showed a signal that is clearly distinguishable from the blank 
condition (roughly from ten to twenty times higher) with an experimental mean surface 
density of 4.23 ± 0.75 × 1012 molecules/cm2. Moreover, the blank signal is comparable with 
the instrumental error Δf/f ≈ 6 x 10-6. The precision of the mean value of the analytical 
replications, such as MC arrays, is limited by the diffusion of the biomolecules in the solution 
and the possible orientations that proteins can assume with respect to the device surface. As 
reported by Rabe et al. [288], the orientation of proteins on the surface can be defined by 
“side-on” or “end-on” orientation. Considering an elliptically shaped particle that is attached 
with its long or short axis to the surface, a protein is able to expose two different projection 
areas, leading to different protein surface densities (Table 3.3). The comparison of the 
theoretical and experimental values for PtG covering densities showed that the experimental 
mean surface density is slightly lower than the value expected for a monolayer deposition 
(between 5.81 × 1012 and 7.35 × 1012 molecules/cm2), even if it is close to the one 
corresponding to the theoretical minimum surface density, related to a “side-on” 
immobilization. However, beyond these considerations, there are other aspects to be taken 
into account. When a protein containing solution is put in contact with a surface, the protein 
adlayer structure can be densely or loosely packed depending on the electrostatic features 
(e.g. pI of the proteins), on the pH and ionic strength of the solution in which proteins are 
dissolved, and on wettability, roughness and chemical composition of the surface. Therefore, 
randomized adsorption of proteins on the surface can lead to an inefficiently packed protein 
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layer leaving undefined gaps between adsorbed proteins, which are not large enough to 
accommodate other biomolecules [288-290]. 
 
 
Fig. 3.20. Amine functionalities (a) and the surface amino acids electrostatic potential (b) of Protein 
G, while in (c) and (d) the Protein G “side-on” and “end-on” orientation models are represented, 
respectively. On the left, light blue represents Lys residues and blue is the N-terminus. On the right, 
negatively charged residues are in red and positively charged residues are in blue. 
 
In order to find out the preferential orientation (“side-on” or “end-on”) of the PtG on the 
surface, its surface residues were analyzed according to the primary amine functionalities and 
to the surface electrostatic potential of the amino acids. Those residues having a primary 
amine are able to react with activated carboxyl groups present on the APTES/SA functionalized 
surface; the N-terminus and the Lys residues were taken into account for this analysis. In Fig. 
3.20a the Lys residues (light blue) and the N-terminus (blue) are shown, while in Fig. 3.20b the 
electrostatic potential is represented (negatively charged residues in red and positively 
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charged residues in blue). As far as the images of the protein model illustrate, the majority of 
Lys are located in proximity of the N-terminus and a region of highly packed negatively charged 
residues at the opposite side of the protein. Therefore, it could be more probable that the PtG 
molecule bind to the chemical functionalization by reacting with one of those residues, 
through a “side-on” immobilization. Moreover, this hypothesis is corroborated by the 
asymmetrical distribution of negatively charged residues that would contribute to the 
formation of a loosely packed “side-on” monolayer, as recorded by our PtG quantification.  
Experimental data suggest that, in our case, the achieved PtG immobilization on the MCs 
surface do not correspond to a monolayer arrangement of proteins and so it is reasonable 
that small areas of chemical functionalization remain available for the potential interaction of 
other biomolecules. In fact, the achievement of a perfect monolayer of proteins on a solid 
surface is a difficult task that quite often remains more an ideal concept, rather than a real 
experimental condition. In literature, Su et al. reported that a sub-monolayer deposition could 
be obtained at low concentration of Lysozyme, while the formation of a multi-layered 
structure was obtained at a higher concentration of enzyme [291]. MC arrays were then 
incubated with BSA: this incubation step represents a saturation of the available surface for 
BSA binding, after PtG immobilization on the derivatized silicon surface. Subsequently, the 
resonant frequencies were characterized again, in order to evaluate the actual immobilization 
of a protein monolayer. In Fig. 3.19b, the mean relative frequency shifts after BSA incubation 
are reported. Analogously, each MC array gave a signal proportional to the amount of BSA 
molecules that were able to interact with the MCs sensing surface and the blank response was 
again comparable with the instrumental error. A variability in the amplitude of frequency 
shifts from one MC array to another was recorded. This behavior can be attributed to cross-
section and geometry of the available surface for BSA binding, after the PtG deposition. With 
the aim of better understand this relationship, the PtG and BSA dimensions were related, 
calculating a BSA/PtG area ratio. Because of the two possible orientation that the BSA and PtG 
molecules can take on, two ratios were calculated: one considering the maximum projection 
area of the two proteins (2.38) and one considering the minimum projection area (2.11). The 
average of these two ratios (2.24) was taken into account due to the impossibility to 
determine the actual spatial orientation of the two proteins. 
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In order to estimate the equivalent number of PtG molecules/cm2 (PtGeq), the experimental 
values of measured molecules/cm2 of BSA were multiplied by the average BSA/PtG ratio. This 
value was added to the PtG molecules/cm2 obtained in the previous step. The resulting value 
of total protein coverage was again compared with the theoretical values of PtG surface 
density reported in Table 3.5.  
The experimental mean surface density of PtG + PtGeq (5.94 ± 1.36 × 1012 molecules/cm2) 
resulted to be between the minimum and maximum theoretical surface density. Notably, this 
value is very close to the expected value for the minimum surface density, indicating that the 
preferred orientation of the proteins is probably the one exposing the maximum projection 
area, thus confirming the “side-on” immobilization of the PtG. The same behavior is reported 
by Su et al. [291] for the interaction of Lysozyme at the water-silica interface.  
 
3.4.4. Bovine Serum Albumin blocking step 
The introduction of a blocking step between the PtG immobilization step and the incubation 
in Ab-HRP was taken into consideration with the aim of reducing and/or avoiding the non-
specific biomolecules interactions. In fact, the device is exposed to biomolecules, which are 
able to establish several chemical interactions, such as hydrophobic, hydrophilic and 
electrostatic. This aspect represents the non-specific component of the generated signal that 
is hopefully kept as low as possible in a sensing context. In bioassay applications for 
biomolecules detection, such as ELISA, the incubation with BSA represents a common 
approach to this issue [292]. Moreover, this is the same blocking agent that was employed in 
the ELISA-like bioassay performed for the optimization of the chemical functionalization 
(section 3.3). Therefore, the application of this protein as a blocking agent for this MC-based 
system was investigated.  
In order to test the actual efficiency of BSA as a blocking agent, the PtG/Ab-HRP bioassay was 
performed on MC arrays. In particular, after the immobilization of the PtG on the APTES/SA 
derivatized MC surface, BSA 1% dissolved in PBS was put in contact with the MC surface to 
saturate all the remaining sites, which could establish biomolecules interactions. Finally, the 
MC arrays were incubated with Ab-HRP and the resonant frequencies were acquired.  
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Fig. 3.22. MC arrays evaluation of PtG, BSA and antimouse Ab-HRP molecules deposition: mean 
relative frequency shifts measured after the incubation with PtG (a), BSA (b) and an antimouse Ab-
HRP (c). 
 
In Fig. 3.22, the mean relative frequency shifts respectively acquired after the incubation with 
PtG, BSA and Ab-HRP (Fig 3.22a-3.22b-3.22c) are reported. After the incubation with the PtG, 
all the MC arrays showed a decrease in the mean resonant frequencies related to the number 
of proteins tethered to the MCs surface. As expected, the blank condition experienced a very 
small relative frequency shift, comparable to the instrumental error. Subsequently, the MC 
arrays were incubated with BSA with the aim of blocking the remaining available interaction 
sites of the chemical functionalization. Again, all the MC arrays incubated with the albumin 
showed a mean relative frequency shift proportional to the number of protein attached to the 
surface and depending on the geometry of these interacting surfaces defined during the PtG 
incubation step. Even in this case, the blank condition showed a very small frequency shift (Fig 
3.22b). After the blocking step, an anti-mouse Ab-HRP was incubated, expecting an interaction 
with the PtG previously immobilized on the MCs surface. In Fig. 3.22c, the mean relative 
frequency shifts experienced by each MC array after the exposition to the Ab-HRP are 
reported. As it is possible to notice, only one array out of three showed a negative shift (i.e. 
third MC array); the other two arrays showed positive frequency shifts, which are not 
comparable in amplitude. This behavior could be the result of the loss in mass on the 
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suspended beam. Thus, a detachment of BSA proteins during the Ab-HRP incubation, or during 
the subsequent washing steps, would likely be responsible for the increase of the resonant 
frequency. In fact, the BSA capability of interacting with the MCs surface depends on the 
chemical properties of the protein (electrostatic interactions and pI), on the properties of the 
solution (pH and ionic strength) and on the physico-chemical features of the surface 
(wettability, roughness, chemical composition), as previously stated for PtG (see section 
3.4.2). All of these variables contribute to the definition of a dynamic equilibrium, in which 
BSA proteins continuously attach and detach from MCs surface. Moreover, it is possible to 
notice that the blank condition in Fig. 3.22c, which was not incubated with the Ab-HRP, 
showed a very small shift as expected. This response indicates that the steric hindrance of the 
Ab-HRP interacting with PtG may result in the detachment of BSA proteins that are close to 
this interaction site. 
 
3.4.5. Ethanolamine blocking step 
Ethanolamine is a small molecule, which presents a primary amine in its structure. This 
characteristic make this molecule an eligible blocking agent for the reduction of non-specific 
interactions. In fact, its primary amine group is able to establish a chemical interaction with 
the terminal carboxyl groups of the APTES/SA chemical functionalization, resulting in the 
formation of a covalent bond. Moreover, the spatial dimensions of ethanolamine could make 
it a better choice than BSA because of the lower probability of steric hindrance phenomena in 
the establishment of the PtG/Ab-HRP interactions.  
For these reasons, a PtG/Ab-HRP bioassay was performed on MC arrays. In particular, after 
the immobilization of PtG on the APTES/SA derivatized MC surface, 10 mM ethanolamine 
dissolved in PBS (adjusting the pH to 7.5) was put in contact with the MC surface to saturate 
all the remaining sites, which could establish biomolecules interactions. Finally, MC arrays 
were incubated with Ab-HRP and the resonant frequencies were characterized.  
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Fig. 3.23. MC arrays evaluation of PtG, ethanolamine and antimouse ab-HRP molecules deposition: 
mean relative frequency shifts measured after the incubation with PtG (a), ethanolamine (b) and an 
antimouse Ab-HRP (c). 
 
In Fig. 3.23 the mean relative frequency shifts respectively acquired after the incubation with 
PtG, ethanolamine and Ab-HRP (Fig 3.23a-3.23b-3.23c) are reported. After the incubation with 
PtG, two MC arrays out of four were incubated with a PtG containing solution, showing a 
decrease in the mean resonant frequencies proportional to the number of proteins 
immobilized on the MCs surface. The two MC arrays that were incubated only with the buffer 
solution (i.e. blank condition), experienced, as expected, just a very small relative frequency 
shift. Subsequently, MC arrays were incubated with a 10 mM ethanolamine solution, in order 
to block the whole remaining available interaction sites of the chemical functionalization. 
Again, all the MC arrays incubated with ethanolamine showed small mean relative frequency 
shifts due to the very low mass weight of the blocking molecule (Fig 3.23b). After the blocking 
step, the anti-mouse Ab-HRP was incubated. In Fig. 3.23c, the mean relative frequency shifts 
experienced by each MC array after the exposition to the Ab-HRP are reported. As it is possible 
to notice, two MC arrays out of three, those previously incubated with PtG, showed negative 
shifts; the other MC array incubated with the Ab-HRP showed a very small mean frequency 
shift comparable to the instrumental error. This data are very important because show the 
actual efficiency of ethanolamine as a blocking agent. In fact, PtG was not previously 
immobilized on this MC array and, after the neutralization of all the interaction sites of the 
103 
 
chemical functionalization by means of ethanolamine, the Ab-HRP was not able to establish 
any kind of interactions with the MCs surface. Finally, the remaining MC array provide 
information about the stability of the interaction between the terminal carboxyl groups of the 
APTES/SA functionalization and the ethanolamine molecule. This MC array was not incubated 
with PtG, then it was incubated with ethanolamine and finally it was incubated with the buffer 
solution only (blank condition). It is possible to notice that this MC array experienced a 
negative mean relative frequency shift only after the incubation with ethanolamine, while 
after the incubation with the buffer it showed a very small shift.  
Thus, this experiment demonstrated that ethanolamine could be considered as a better 
blocking agent then BSA due to the presence of a primary amine group that can establish 
covalent interactions with the carboxyl groups of APTES/SA functionalization.  
 
3.5. MC arrays for the detection of Domain III of the Dengue Virus 1 
 
3.5.1. Domain III-Dengue Virus 1/DV32.6 antibody interaction 
The introduction of the blocking step involving ethanolamine demonstrated to give better 
results when compared to the BSA-based one. In particular, ethanolamine resulted to be a 
stable blocking agent maintaining the capability to avoid or reduce non-specific interactions 
of proteins to the MCs surface. Thanks to this improvement, this MCs-based system was used 
as a sensing platform for the study of the interaction between the envelope glycoprotein 
domain III of the Dengue virus type 1 (DIII-DV1) and the specific antibody DV32.6. This virus is 
responsible for the Dengue Hemorrhagic Fever (DHF) and is the leading cause of illness and 
death in the tropical and subtropical area. No cure or vaccine is available for the treatment of 
patients affected by this pathology, thus a better understanding of the interaction between 
the pathogens and antibodies is expected to accelerate vaccine development.  
In the first instance, an ELISA-like was performed with the aim of evaluating the actual 
capability of the antibody responsible for the specific recognition of the DIII-DV1. This bioassay 
was performed on APTES/SA derivatized macro samples, on which DIII-DV1 was immobilized 
before the incubation with the FullAb-DV32.6. A HRP-conjugated PtG, able to establish 
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interactions with the Fc of the Ab through its Ab-binding domains, was used to amplify the 
signal.  
 
 
Fig. 3.24. ELISA evaluation of DIII-DV1/DV32.6 interaction: number of molecules/cm2 of DIII-
DV1/DV32.6 evaluated through an ELISA-like bioassay. 
 
In Fig. 3.24, the number of molecules/cm2 for each experimental condition are reported. The 
two positive conditions (i.e. DIII/No BSA/DV32.6/PtG-HRP and DIII/BSA/DV32.6/PtG-HRP) 
showed a signal that is clearly distinguishable from the negative conditions (i.e. No 
DIII/BSA/DV32.6/PtG-HRP and DIII/BSA/No DV32.6/PtG-HRP). In particular, their values (≈ 8.0 
× 1010 molecules/cm2) were about 16-fold times higher than the blank signal values (≈5.0 × 
109 molecules/cm2). These data indicates that the DIII-DV1/DV32.6 interaction is fully 
functional and the DV32.6 is able to recognize the DIII-DV1 in a specific manner.  
The same bioassay was then performed on MCs arrays with the aim of evaluating the DIII-
DV1/DV32.6 interaction. In doing so, two sets of MC arrays were used to make a comparison 
between BSA and ethanolamine blocking agents. Thus, a first set of MC arrays was incubated 
with BSA as blocking agent; while a second set of MC arrays was incubated with ethanolamine. 
In Tab. 3.6 and Tab. 3.7, the experimental conditions are reported. For the sake of clarification, 
the immobilization step indicates the biomolecule immobilized on the APTES/SA 
functionalization, whereas blocking step indicates the (bio)molecule used as blocking agent 
and the incubation step indicates the biomolecule incubated at the final step of the bioassay.  
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Table 3.6. Experimental conditions of the first set of MC arrays. 
Immobilization 
Step 
Blocking Step Incubation Step 
No DIII-DV1 BSA DV32.6 
DIII-DV1 BSA DV32.6 
DIII-DV1 BSA DV32.6 
DV32.6 BSA DIII-DV1 
DV32.6 BSA DIII-DV1 
 
 
 
Table 3.7. Experimental conditions of the second set of MC arrays. 
Immobilization 
Step 
Blocking Step Incubation Step 
No DIII-DV1 Ethanolamine DV32.6 
No DV32.6 Ethanolamine DIII-DV1 
DIII-DV1 Ethanolamine DV32.6 
DIII-DV1 Ethanolamine DV32.6 
DV32.6 Ethanolamine DIII-DV1 
DV32.6 Ethanolamine DIII-DV1 
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Fig. 3.25. MC arrays evaluation of DIII-DV1, BSA and DV32.6 molecules deposition: mean relative 
frequency shifts measured after the incubation with DIII-DV1 (a), BSA 1% (b) and DV32.6 antibody (c). 
 
In Fig. 3.25, the mean relative frequency shifts acquired from the MC arrays that were 
incubated with BSA are reported. Concerning the immobilization step, the two MC arrays that 
were incubated with the DIII-DV1 showed a frequency shift that was roughly ten to twenty 
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times higher than the shift recorded from the blank condition (-5.8 ± 1.8 × 10-6). The two MC 
arrays that were incubated with the DV32.6 showed a contrasting behavior: the first one 
showed a not negligible negative frequency shift, indicating that a certain amount of DV32.6 
was immobilized on MCs surface. Instead, the second one showed a positive frequency shift 
with an amplitude that was roughly twenty five times higher than the signal acquired from the 
first one (+2.22 ± 0.05 × 10-3, Fig. 3.25a). In Fig. 3.25b, the mean relative frequency shifts 
acquired after the blocking step with BSA are reported. As it is possible to notice, the MC 
arrays experienced negative frequency shifts except the third MC array (starting form left), 
previously incubated with the DIII-DV1, indicating perhaps a non-uniform adsorption of BSA 
molecules throughout the entire MCs surface. Moreover, the fifth MC array, which was 
incubated with the DV32.6 and exhibited a huge positive shift at the immobilization step, 
showed a negative frequency shift similar to the one recorded in the previous step (-1.62 ± 
0.04 × 10-3, Fig. 3.25b). In the final incubation step, the first three MC array were incubated 
with the DV32.6 antibody, while the remaining two MC arrays were incubated with the DIII-
DV1. In Fig. 3.25c, the mean relative frequency shifts measured are reported. The first three 
MC arrays incubated with the DIII-DV1 showed different frequency shifts: in particular, the 
first one experienced a shift that was slightly higher than the instrumental error. Note that 
DIII-DV1 was not previously immobilized on this MC array, thus a small signal value at the final 
incubation step is consistent with the experimental condition (blank condition). The second 
and third MC arrays represent, instead, the positive conditions: as it is possible to observe in 
Fig. 3.25c, both MC arrays showed positive relative frequency shifts with different magnitude. 
The second MC array experienced the frequency shift with the highest amplitude (5.3 ± 0.1 × 
10-5), while the third one showed a frequency shift very close to the instrumental error. In the 
former, BSA molecules may have detached from the silicon surface, resulting in the decrease 
of MC mass and preventing the detection of the possible DIII-DV1/DV32.6 interactions. This 
would confirm the same phenomenon observed in section 3.4.4, in which the BSA blocking 
demonstrated to be a source of unreliability for the realization of the bioassay on MC arrays, 
due to the dynamic interactions that these biomolecules are able to establish with the MCs 
surface. The remaining MC arrays, which were incubated with the antibody, showed negative 
relative shifts suggesting that the previously immobilized DV32.6 was able to interact with the 
DIII-DV1 biomolecules, which were put in contact with the MC arrays at the final incubation 
step. As it is possible to observe, the first MC array was the only one that experienced a 
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negative frequency shifts in each experimental step. Taking in consideration the DV32.6 
antibodies immobilized on the APTES/SA functionalization and the DIII-DV1 incubated at the 
final step, it is possible to calculate the experimental surface density and provide information 
about the interactions of these proteins. In particular, the mean surface density of the DV32.6 
immobilized on MCs surface is 4.49 ± 0.51 × 1011 molecules/cm2, while the number of DIII-DV1 
biomolecules recorded from the experimental data corresponds to 3.62 ± 0.95 × 1012 
molecules/cm2. The DV32.6/DIII-DV1 ratio was 1:8, indicating that for each DV32.6 antibody 
immobilized on the silicon surface eight DIII-DV1 molecules were able to establish some sort 
of interaction. This ratio is obviously too high considering the Ag/Ab interaction, in which each 
antibody is able to interact with a maximum of two antigen biomolecules. Such an outcome 
may be the result of DIII-DV1 clusters formation. In fact, it is reasonable that DIII-DV1 
molecules assemble/arrange themselves into clusters through electrostatic interactions when 
put in solution. In this way, these clusters may interact with the immobilized DV32.6 
antibodies with a resulting ratio that is superior to the 2:1 Ag/Ab interaction.  
 
The second set of MC arrays was incubated with ethanolamine 10 mM during the blocking 
step. Refer to Tab. 3.7 for the detailed experimental conditions. In Fig. 3.26 the mean relative 
frequency shifts recorded for each step of the bioassay are reported.  
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Fig. 3.26. MC arrays evaluation of DIII-DV1, ethanolamine and DV32.6 molecules deposition: the 
box charts show the mean relative frequency shifts measured after the incubation with DIII-DV1 (a), 
ethanolamine (b) and DV32.6 antibody (c). 
 
During the immobilization step, two MC arrays were not incubated with biomolecules (blank), 
while of the remaining four, two were incubated with DIII-DV1 and two with DV32.6. Both the 
two MC arrays that represent the blank conditions showed a small relative frequency shift, 
not significantly different from the instrumental error. The two MC arrays on which was 
immobilized the DIII-DV1 experienced negative frequency shifts, indicating that a certain 
amount of biomolecules was immobilized on MC surface. The remaining two MC arrays, which 
during this step were incubated with the DV32.6, showed different behaviors: a very small 
shift was acquired from the first one, while a not negligible negative frequency shift were 
recorded from the second. For the former, data suggests that the DV32.6 was not able to 
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establish covalent interactions with the APTES/SA functionalization, thus indicating that the 
DV32.6 was not immobilized on the MCs surface. For the latter, the negative frequency shift 
is to be related with the mass of adsorbed DV32.6 immobilized on the chemical 
functionalization. Concerning the blocking step, the whole set of MC arrays were incubated 
with ethanolamine and all of them experienced a negative mean relative frequency shift. In 
the final step, MC arrays were incubated with the DIII-DV1 and/or the DV32.6 in order to 
investigate the stoichiometry interactions of these two biomolecules. In particular, the two 
blank conditions were respectively incubated with DV32.6 and DIII-DV1 with the aim of 
confirming the good blocking performance of ethanolamine as blocking agent. Data showed 
that after the blocking step, any incubated biomolecule was not able to interact with the 
surface of the device if the interacting partner is not directly immobilized on APTES/SA. Thus, 
this outcome confirms that ethanolamine is an efficient blocking agent. The two MC arrays 
incubated with the DV32.6 showed a negative frequency shift corresponding to the mass of 
biomolecules able to establish interactions with those of DIII-DV1 that were previously 
immobilized on the APTES/SA functionalization at the immobilization step. Finally, both MC 
arrays incubated with the DIII-DV1 experienced very small shift of the same order of 
magnitude of the instrumental error. It is important to notice that the first MC array incubated 
with the DIII-DV1, on which was previously immobilized the DV32.6, at the first step of the 
bioassay showed a very small shift, indicating that the DV32.6 was not tethered to the 
functionalized silicon surface. Thus, this phenomenon is consistent with the experimental data 
acquired. In the first place, the DV32.6 was not immobilized as highlighted by these data and 
the DIII-DV1 was not able to interact with the MCs surface after an efficient blocking step 
represented by ethanolamine incubation. However, the second MC array incubated with the 
DIII-DV1 experienced a small frequency shift even if the experimental data indicated that a 
certain amount of DV32.6 was tethered to the MCs surface at the immobilization step. This 
behavior may be the consequence of a non-oriented deposition of the DV32.6 antibody on 
the surface, resulting in the absence or in a very low availability of binding sites.  
From these data, it is possible to notice that the bioassay performed on MC arrays gave better 
results when the DIII-DV1 was immobilized on the MCs surface. Thus, experimental surface 
densities of the DIII-DV1 and the DV32.6 were calculated from the gravimetric data acquired 
during the measurement sessions.  
111 
 
First, the same bioinformatics approach used in Section 3.4.3 was applied to the DIII-DV1 
model in order to calculate the maximum and minimum projection areas of the protein. Thus, 
the maximum and minimum theoretical surface densities were calculated starting from the 
data (Tab. 3.8).  
 
 
Fig. 3.27. Amine functionalities and surface electrostatic potential of DIII-DV1: the image reports 
the surface amino acids electrostatic potential (a) and the amine functionalities (b) of the envelope 
glycoprotein Domain III of the Dengue Virus-1. 
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Table 3.8. DIII-DV1 projection areas and theoretical molecules/cm2: the table reports the maximum 
and minimum projection areas and the estimated theoretical surface densities of DIII-DV1 protein. 
 
Max projection 
area [Å2] 
Min projection 
area [Å2] 
Min theoretical 
molecules/cm2     
[× 1012] 
Max theoretical 
molecules/cm2     
[× 1012] 
DIII-DV1 1,372.58 1,149.40 7.29 8.70 
 
However, it was not possible to apply the same procedure to the DV32.6 antibody provided 
by the Institute for Research in Biomedicine (IRB) of Bellinzona because the pdb model of this 
biomolecule was not available.  
 
Table 3.9. DIII-DV1 and DV32.6 molecular weights and experimental mean molecules/cm2: the table 
reports the molecular weights of the DIII-DV1/DV32.6 proteins and their experimental mean surface 
densities. 
 Molecular weight [Da] 
Experimental mean 
molecules/cm2 
DIII-DV1 12,000 7.23 ± 0.15 × 1012 
DV32.6 150,000 5.49 ± 0.36 × 1011 
 
In Tab. 3.9, the experimental surface densities in molecules/cm2 calculated for the DIII-DV1 
and the DV32.6 biomolecules are reported. As it is possible to notice, the mean surface density 
of the DIII-DV1 is very close to the minimum theoretical surface density, indicating that the 
immobilization procedure allows to obtain a highly packed layer of proteins. With the aim of 
better understand the interactions between DIII-DV1 and DV32.6 established on MC surface, 
the DIII-DV1/DV32.6 ratio of molecules/cm2 was defined: this ratio is equal to 13:1, meaning 
that for a surface on which thirteen DIII-DV1 biomolecules are immobilized corresponds a 
DV32.6 antibody able to interact with its target protein. The interaction ratio represents an 
evaluation of the capability of the DV32.6 antibody to interact with its specific target DIII-DV1. 
Moreover, it may be related to the neutralization capability of this specific antibody toward 
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the dengue virus, giving information about the efficiency of it as a protection against the host 
cell infection.  
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Chapter 4: Conclusions 
 
In this work, a MC-based array system was used for the evaluation of biomolecular 
interactions. In particular, dynamic-mode operated MC arrays have been used as weighting 
device, with the aim of quantifying proteins that were able to interact with the MCs sensing 
surface. The work consisted of two parts: in the first one, the critical aspects that emerge 
when working with biological objects were identified and different improvements of the 
bioassay procedure were implemented. In particular, the washing steps procedure revealed 
to be potential source of false positives due to the deposition of salt residues coming from the 
use of saline buffers. The increase of the volumes and of the contact time of the buffers 
employed during the washing steps allowed to acquire more reliable data during the 
measurements sessions. Another source of variability was identified in the previously used 
surface chemical functionalization, based on the widely applied APTES/GA. After the self-
assembly of APTES molecules, the further derivatization with GA in aqueous solution could 
lead to polymerization processes, generating an unstable multi-layered structure on the MC 
surface. Therefore, a novel chemical surface modification base on APTES and SA was 
developed, allowing the exposure of terminal carboxyl groups on the sensing surface. 
Moreover, the introduction of the EDC/s-NHS protocol allowed activating those carboxyl 
groups, making them more reactive toward amine groups present on the exposed protein 
residues. In the first instance, the APTES/SA functionalization was characterized by means of 
OCA, XPS and AFM analysis and then compared with the previously employed APTES/GA 
functionalization. The former demonstrated to be a better surface chemical modification than 
APTES/GA in terms of homogeneity and reproducibility. Moreover, the two chemical 
functionalizations were investigated for their protein grafting capability through a newly 
proposed ELISA-like bioassay. Even in this case, the APTES/SA functionalization revealed to be 
a better performing substrate for proteins immobilization than APTES/GA. Finally, the 
APTES/SA and APTES/GA functionalizations were derivatized on MC arrays with the aim of 
testing the deposition process reliability on our sensing platform. First, a molecular modeling 
tool was used for the evaluation of the theoretical surface density corresponding to a 
monolayer deposition of molecules. From the comparison of the experimental and theoretical 
surface densities, the data highlighted that the APTES/SA deposition process produced an 
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arrangement of molecules that is very close to a monolayer, confirming the high-grade 
homogeneity observed from the AFM analysis. Instead, the APTES/GA deposition process 
resulted in a surface density that is far higher than the theoretical value expected for a 
monolayer deposition of molecules, indicating a multi-layered structure.  
In the second part, the improvements reported above were applied to our MC-based sensing 
platform for the quantification and evaluation of biomolecular interactions established on the 
MC surface, such as antigen-antibody interactions. The same molecular modeling tool was 
used for the estimation of two theoretical surface densities corresponding to a monolayer 
arrangement of Protein G exposing the maximum and the minimum projection areas on the 
silicon resonator surface. Then, Protein G and BSA were immobilized on APTES/SA derivatized 
MC arrays and the experimental surface density was evaluated. The experimental surface 
density was very close to the theoretical minimum surface density, indicating that proteins 
were able to arrange themselves on the sensing surface exposing the maximum projection 
area. Thus, this MC-based array system allowed to directly estimate the preferential 
orientation of proteins attached to the sensing surface. Afterwards, the specific interaction 
between the envelope glycoprotein domain III of the dengue virus (DIII-DV1) and the DV32.6 
antibody was studied. After the attachment of the DIII-DV1 on the MC surface, the antibody 
DV32.6 was incubated and it was able to interact with its target immobilized on the sensing 
surface. From the experimental data, it was possible to evaluate the surface density of the 
two biomolecules and calculate the DIII-DV1/DV32.6 stoichiometry ratio. Therefore, this MC-
based array system allowed to provide information about the binding capability of this specific 
antibody against its target (DIII-DV1) and, consequently, to better understand the host cell 
infection. Since nowadays there is no cure or vaccine available, the study of the interaction 
between the pathogen and specific antibodies is expected to accelerate the development of 
a vaccine. As a future perspective, an interesting application of this MC array system will be 
the study of the interaction of different antibodies with the entire virus. In such a way, it will 
be possible to investigate the neutralizing capability of antibodies on a tri-dimensional 
structure, which presents a plethora of target epitopes.  
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